1. Introduction {#sec1-jcm-08-00640}
===============

The unbalanced secretion and elimination of pivotal biogenic amines (BAs) (such as serotonin (5-hydroxytryptamine, 5-HT), dopamine (DA), norepinephrine (NE) and epinephrine (E)) can have severe health consequences since they act not only as neurotransmitters but take part in the regulation of mood, sleep, immune response, thermoregulation and cardiovascular and gut functions, among others \[[@B1-jcm-08-00640]\]. To start with, in the diagnosis and monitoring of central nervous system (CNS) pathologies, such as neurodegenerative disorders, levels of BAs and their main metabolites in body fluids differentiated the healthy persons from the patients with Alzheimer's Disease (AD) \[[@B2-jcm-08-00640]\]. Also, changes in the central noradrenergic, serotonergic and dopaminergic neurotransmitter systems were demonstrated to play a relevant role in the behavioural and psychological signs and symptoms of dementia manifestation \[[@B3-jcm-08-00640]\]. Other studies revealed that not only must dopaminergic transmission be monitored for Parkinson's Disease (PD) but also non-DA neurotransmitter systems in the brain are significantly desynchronized in PD, as well as the interaction between the different BA systems, which contributes to the development of the manifestations of PD \[[@B4-jcm-08-00640]\]. Neuroendocrine system pathologies might be diagnosed and monitored through the determination of BAs, for example: the diagnosis of catecholamine-producing neuroendocrine tumours (NETs): pheochromocytoma (PHE) and neuroblastoma (NB), is supported by the determination of BAs in patients' body fluids (urine, plasma, serum) and indoleamine-producing NETs--carcinoids--could be diagnosed via discriminating the level of 5-hydroxyindoleacetic acid (5-HIAA)--the main serotonin metabolite--in patients' 24-hour urine samples \[[@B5-jcm-08-00640]\].

From the L-Tryptophan (L-Tryp) metabolic pathway, those analytical approaches should also be able to determine at least 5-HT and 5-HIAA in biological samples. L-Tryp is a neutral, essential amino acid and it is the only amino acid in proteins derived from indole, a bicyclic ring formed by a benzene and a pyrrole group. The L-Tryp indole ring in --R residues assists the stabilization of protein and peptide structures and allows their interactions through Van der Waals forces, whereas the indole ring in --N residues demonstrates susceptibility as a hydrogen bond donor, which could also explain the role of L-Tryp in protein binding and recognition. Furthermore, L-Tryp is an essential precursor of various bioactive compounds such as kynurenines and serotonin (5-HT) ([Figure 1](#jcm-08-00640-f001){ref-type="fig"}). L-Tryp is converted to 5-HT by enzymes in intestinal and nervous tissue. Only a very small amount of dietary L-Tryp is converted into 5-HT and about 90% of L-Tryp biotransformation consists of the breaking of the indole ring and turn over into the kynurenine (KYN) pathway and nicotinic acid (NU).

A study of the basic biology of the L-Tryp metabolism pointed out the relevant issue of the bioavailability of this amino acid or changes in the regulation of its metabolism in tissues. Therefore, studying the unbalanced transformation of this amino acid during the pathological stages of the organism is relevant. Serotonin synthesis occurs in the periphery within the gut neurons and enterochromaffin cells and in the central nervous system within the neurons of the raphe in the brain stem. L-Tryp is hydroxylated to 5-hydroxytryptophan (5-HTrp) by the enzyme tryptophan hydroxylase type 2, the rate limiting step in brain serotonin synthesis. Furthermore, decarboxylation, via the enzymatic action of the L-aromatic acid decarboxylase, occurred leading to the formation of 5-HT. 5-HT is further decomposed with monoamine oxidase type A (MAO-A) and aldehyde dehydrogenase to its main metabolite--5-HIAA \[[@B6-jcm-08-00640],[@B7-jcm-08-00640],[@B8-jcm-08-00640]\].

While studying the L-Tyrosine (L-Tyr) metabolic pathway, the compounds demonstrated in [Figure 2](#jcm-08-00640-f002){ref-type="fig"} must be carefully discussed. L-Tyr is the relevant element of protein synthesis and serves as a precursor to catecholamines, tyramine⁄octopamine, melanin pigment and thyroid hormones. L-Tyr is synthesized from the essential amino acid phenylalanine via the action of the enzyme phenylalanine hydroxylase. Further transformation involves the hydroxylation of L-Tyr at the phenol ring by tyrosine hydroxylase to L-dihydroxyphenylalanine (L-DOPA) and its subsequent decarboxylation to DA by the aromatic amino acid decarboxylase. DA is an important neurotransmitter in the brain but a meaningful part of overall DA in the organism is produced by the mesenteric organ. DA is subsequently metabolized into several metabolites, like 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA). DA is also the precursor of E and NE. All the compounds involved in the L-Tyr metabolic pathway except DA are chiral and only the L-enantiomers of the involved amino acids can lead to these important neuroactive molecules. Indeed, L-amino acids are the most abundant, naturally existing forms of those molecules in the human body \[[@B9-jcm-08-00640]\]. Important but not yet widely studied, metabolites of the L-Tyr pathway are 3,4-dihydroxyphenylglycol (DHPG) and 3-methoxy-4-hydroxyphenylglycol (MHPG). DHPG is produced by the metabolism of NE by MAO and could be further transformed by catechol-O-methyltransferase (COMT) to MHPG. MHPG can also be formed by the deamination of normetanephrine (NM) and metanephrine (M). COMT also catalyses the methyl conjugation of DA and DOPAC, which results in the formation of 3-methoxytyramine (3-MT) and HVA, respectively. COMT allows the inactivation of the catecholamines and is the most important regulator of the prefrontal dopamine function. Further changes in MHPG lead to the formation of VMA, the principal end-product of NE and E metabolism. VMA is formed when MHPG is submitted to oxidation and catalysed by the sequential actions of alcohol and aldehyde dehydrogenases \[[@B10-jcm-08-00640],[@B11-jcm-08-00640],[@B12-jcm-08-00640]\].

As it was mentioned above, data based on dynamic concentration changes of endogenous BAs and their metabolites in the human body play an important role in the diagnosis and patient therapy of several diseases. This allows one to estimate the health state of the patients and their response to applied treatments as well as to fully understand the pathogenesis of oncological, endocrinal, cardiac or neurodegenerative diseases. Due to the fact that physiological as well as pathological concentrations of BAs in human specimens are extremely low, the optimization of new, straightforward analytical separation and detection methods is needed. Furthermore, the methods should allow the determination of multiple biomarkers within one run since none of the above-mentioned endogenous compounds are specific and selective enough for the unbiased diagnosis of the disease.

A lot of publications can be found in the literature related to the determination of BAs in food products, while less have focused on the development of methods for the analysis of the compounds of interest in biological matrices, including human specimens ([Figure 3](#jcm-08-00640-f003){ref-type="fig"}). The methodologies for BA identification and quantification in animal and human matrices, mainly based on liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) have been summarized in a few review papers \[[@B13-jcm-08-00640],[@B14-jcm-08-00640],[@B15-jcm-08-00640]\]. On the other hand, no report comparing both LC-MS/MS, GC and CE techniques in respect of non-separation approaches, like immunoassay and electrochemical sensor techniques, was presented.

The review aims to present recent advances towards the determination of BAs in human samples since 2010, with a special focus on sample preparation approaches and LC, GC and CE techniques. Furthermore, those techniques are compared to non-separation methods and additionally discussed, not only from the analytical point of view but also clinical, since the review comprises the newest discoveries that involved the measurement of BAs in human fluids as biomarkers of oncological, neurological, cardiologic and endocrine patients.

2. Sample Preparation {#sec2-jcm-08-00640}
=====================

For the effective application of separation techniques during qualitative and/or quantitative analysis, extraction methods need to be developed and optimized for the selective isolation of analytes of interest from biological samples. Because of the very low levels of biogenic amines in biofluids such as plasma, urine or cerebrospinal fluid (CSF), the procedures for analyte extraction and preconcentration are crucial to develop more sensitive and selective assays. The developed methods must not only meet the validation criteria required from analytical methods but also allow the determination of the analytes at the appropriate, frequently nanomolar, concentration level for effective pharmaceutical or clinical application. To achieve this goal, it is necessary to select the appropriate type of biological matrix, in which the analyte will reflect the current state of the body. Moreover, the proper selection of the extraction procedure to prepare the samples before analysis requires optimal conditions. This stage includes, beyond the selective isolation of analytes, the also-mentioned preconcentration of analytes, derivatization (if it is required by the detection method) and the purification of the sample from ballast substances. It should be noted that the choice of the sample preparation procedure is strongly dependent on the physicochemical character of the analytes ([Table 1](#jcm-08-00640-t001){ref-type="table"}), the type of biological matrix, the type of separation method and the type of detection.

The body fluids that are usually used for the clinical analysis of BAs are serum, plasma or urine. Urine is a biofluid of major interest because of its fairly simple, non-invasive and inexpensive collection and availability in large quantities. These attributes make urine a practical choice for developing biomarker studies. Although, as the literature data indicated, the neurotransmitter levels in paediatric patients were estimated using different biological matrices, urine was very often used in this analysis. However, in order to precisely estimate the BA levels in urine samples, it is necessary to collect 24-h urine samples. Unfortunately, this approach seemed impractical in the case of paediatric patients. Therefore, more often, plasma samples or random urine could be selected as a reliable matrix as a fast and sensitive method for determining a panel of neurotransmitters. Occasionally, BAs are isolated from CSF. It should be added that CSF is a very good biofluid but strongly difficult and invasive to collect \[[@B16-jcm-08-00640]\]. It is a watery liquid that circulates within the ventricles of the brain and surrounds the brain and spinal column. It contains salts, enzymes, proteins, peptides and small molecules, including BAs, that play critical roles in many physiological processes and may reflect pathological processes in the CNS. As was emphasized by Taj et al. \[[@B17-jcm-08-00640]\], the conventional laboratory examination of CSF for both the diagnosis and treatment of various CNS infections consists of CSF pressure, measurement, total and differential leukocyte count, glucose and protein quantification, Gram stain, bacterial and viral culture and the polymerase chain reaction (PCR) of different etiological agents. The authors focused on the determination of BAs in CSF, which may additionally contribute to developing new diagnostic tools of CNS infections. The researchers proved that the analysis of BAs in CSF samples reflected a correlation between the concentrations of some BAs with infection-associated ethology. The authors emphasized that infections may disturb the neurotransmitter degradation pathway. The results of this work indicated the complete degradation of DA into its metabolic products, that is, DOPAC and HVA in *herpes simplex virus* infection. In turn, in *Listeria monocytogenes* infection, DA is catabolized into DOPAC and devoid of further degradation into HVA. Moreover, in the literature, the fact is documented that elevated levels of neurotransmitters in CSF confirm the disruption of the blood brain barrier during meningitis \[[@B18-jcm-08-00640]\]. Likewise, there are also significant differences in the concentrations of BAs in the matrix according to the body fluid. For example, the amount of DA in the urine of a healthy person is up to 10 times greater than the amount of NE, while the total plasma catecholamine content is 10 times higher than the content of NE \[[@B19-jcm-08-00640]\]. For the comprehensive analysis of BAs, it is necessary to develop preparation procedures for samples of different body fluids. The effect of the sample preparation procedure of biological material (blood, urine) on the content of selected BAs depends on the type of sample matrix and the chemical nature of the analytes, including pKa ([Table 1](#jcm-08-00640-t001){ref-type="table"}). It is also very important to ensure the stability of analytes during collection and storage. An effective and frequent practice to prevent the decomposition of BAs was the acidification of the sample to a pH below 3 using 6 M HCl. Many authors recommend this method, because BAs remain stable during storage at room temperature for 3 days and at −80 °C even to 10 months \[[@B20-jcm-08-00640]\]. In turn, the initial deproteinization of the sample and the type of applied extraction technique affect the degree of purification of the sample of interfering substances, for the selective isolation of analytes from a sample matrix and their potential preconcentration. The challenge is due not only to the complexity of biological fluids (urine, blood, plasma, saliva, etc.) but also to the volume of the sample (optimization of the starting sample volume), the analyte content, the wrong physical state for the analysis method and interfering matrix components that may give a false-positive or a negative reading in the measurement. For this reason, a lot of sample preparation procedures have been described in the literature. The most commonly used clean-up techniques, which allow a high concentration degree of analytes, are *liquid-liquid extraction* (LLE), *dispersive liquid-liquid extraction* (DLLME), *solid-phase extraction* (SPE), *solid-phase microextraction* (SPME) and their different varieties. Each of them provides a different degree of preconcentration of the analytes (*off-line preconcentration*). In the case of BAs, this is particularly important, because their concentration in biological matrices is very low (ng, pg or less) and additionally, BAs have a very hydrophilic character, poor ionizability and instability. According to Cudjoe and Pawliszyn, the sampling of highly hydrophilic molecules in biological matrices is characterized by low recoveries and relatively poorer chromatographic separation was achieved \[[@B21-jcm-08-00640]\]. However, some reports describing methods for the quantification of BAs in human matrices based only on the dilution of the sample have also been reported in the literature.

2.1. Sample Pretreatment Based on the Dilution of the Sample {#sec2dot1-jcm-08-00640}
------------------------------------------------------------

As it was mentioned above, the simplest way to prepare a sample for further separation analysis is just dilution. This approach was applied mainly to determine BAs in urine samples. Remane et al. tested this procedure to quantify many exogenous and endogenous compounds, including HVA and indole-3-acetic acid (IAA) in 50 µL of urine samples. The limits of quantification (LOQs) for BAs were in the range of 45 mg/L for HVA to 63 mg/L for IAA, which indicates that low extraction efficiency was obtained \[[@B22-jcm-08-00640]\]. A similar urine sample volume, collected from patients suffering from carcinoid tumour, was investigated by Clark et al. to determine 5-HIAA in the range of 0.5 to 100 mg/mL by LC with tandem mass spectrometry (LC-MS/MS) \[[@B23-jcm-08-00640]\]. In turn, Marcos et al. used 100 and 150 µL of urine and plasma samples, respectively, to determine L-Tryp and L-Tyr metabolites in patients with neurological and inflammatory disorders \[[@B7-jcm-08-00640]\]. The urine sample was 10-fold diluted with water, whereas the plasma sample was mixed with acetonitrile (ACN) in order to precipitate the proteins before the LC-MS/MS analysis. This method achieves limit of detection (LODs) values ranging from 10 ng/mL for DA and 5-HT to 1 µg/mL for HVA in urine and from 0.5 ng/mL for 5-HT to 100 ng/mL for L-Tryp and L-Tyr in plasma. These data clearly confirmed that deproteinization was more effective, because lower LODs were calculated for the analytes, for example 10 versus 0.5 ng/mL for 5-HT in urine and plasma, respectively. In turn, recovery values were from 55% for DA to 97% for HVA in urine and from 59% for 5-HT to 94% for 5-HIAA in plasma. Zhao et al. used a sample preparation procedure based on the centrifugation of the urine sample (200 µL) and dilution in water before high performance liquid chromatography with ultraviolet detection (HPLC-UV) or fluorescence detection (HPLC-FD) to determine L-Tryp and its three metabolites. The obtained LOD for L-Tryp was 0.02 µmol/L and 0.01 µmol/L for 5-HIAA \[[@B24-jcm-08-00640]\]. The extraction efficiency expressed as recovery was in the range of 96.7--105.2% for L-Tryp and 96.1 to 99.7% for 5-HIAA.

2.2. Deproteinization {#sec2dot2-jcm-08-00640}
---------------------

Deproteinization is another approach in sample treatment, which allows the removal of ballast, such as proteins, from the biological sample, which can significantly increase selectivity and sensitivity. According to the literature data, a lot of methods for the quantification of BAs in human specimens were based on deproteinization using acetone \[[@B25-jcm-08-00640],[@B26-jcm-08-00640]\], ACN added to the samples in the ratios of 2:1 or 1:1 (*v*/*v*) \[[@B26-jcm-08-00640],[@B27-jcm-08-00640],[@B28-jcm-08-00640],[@B29-jcm-08-00640]\], methanol (MeOH) with zinc sulphate in water (80/20, *v*/*v*) \[[@B30-jcm-08-00640]\], 0.05% (*v*/*v*) formic acid (FA) \[[@B23-jcm-08-00640],[@B31-jcm-08-00640]\], 0.6 M perchloric acid \[[@B32-jcm-08-00640]\] or 10% trichloroacetic acid (TCA) \[[@B33-jcm-08-00640]\]. Cai et al. applied ice-cold ACN for the deproteinization of a 0.3 mL plasma sample, followed by derivatization with dansyl chloride \[[@B27-jcm-08-00640]\]. This approach was applied for the determination of DA, DOPAC, HVA, NE, VMA, MHPG, 5-HT, 5-HIAA and other analytes. The authors achieved good purification of the sample and low values of LOQs ranging from 0.27 to 1.62 pmol/mL. In turn, Fang et al., for the determination of 4-hydroxy-3-methoxyphenylglycol sulphate (HMPG sulphate), VMA and HVA present in 500 µL sample of human serum, applied deproteinization with ACN, while a 500 µL urine sample was diluted with water and directly analysed by LC-MS/MS \[[@B29-jcm-08-00640]\]. The method provides LODs of 0.2 ng/mL for VMA, 0.03 ng/mL for HMPG sulphate and 0.7 ng/mL for HVA and high recovery results for HVA-90.6%, VMA - 101.6% and 111.1% for HMPG sulphate. Exceptionally, only centrifugation was used as way to remove protein from urine samples \[[@B34-jcm-08-00640]\].

2.3. Derivatization {#sec2dot3-jcm-08-00640}
-------------------

Several different approaches have been reported to increase the sensitivity and selectivity for the LC--MS/MS detection of BAs in different human matrices, including derivatization. Only evaporation and derivatization with phenyl-isothiocyanate (PITC) on a 96-well filter plate was used by Zheng et al. for the isolation of DA, 5-HT, tyramine, phenylethylamine (PEA), E, NE, M and NM from 25 µL samples of human serum \[[@B35-jcm-08-00640]\]. This procedure, coupled with LC-MS/MS, provided a nanomolar limit of detection and recovery rates of spiked serum samples in the range of 93.2--113%. Moreover, to avoid the decomposition of analytes, the samples were thawed on ice, in the dark.

To identify previously unrecognized biological pathways and biomarkers that might expand the inflammatory hypothesis of depression, a similar method, based on the derivatization of selected BAs with phenyl-isothiocyanate (PITC), was used by Baranyi et al. \[[@B36-jcm-08-00640]\]. The application required only 10 µL of plasma samples and the analytes were eluted with 5 mM of ammonium acetate in MeOH and separated by LC-MS/MS. Vermeiren et al. used benzylamine and 1,2-diphenylethyleendiamine (DPE) for the derivatization of NE, 5-HT, 5-HIAA, DA, DOPAC and HVA present in CSF samples collected from patients with Alzheimer's Disease (AD), as well as non-AD dementia patients \[[@B3-jcm-08-00640]\]. Sakaguchi et al. applied sample derivatization with 2-(perfluorooctyl)ethyl isocyanate (PFOEI) for the determination of L-DOPA, DA, NE, E, M, L-Tryp, 5-HTrp and 5-HT in 10 µL of urine samples, reaching LODs from 0.21 to 4.2 nmol/mL and with recovery results from 96.9 to 103.3% \[[@B37-jcm-08-00640]\]. In a different study concerning plasma samples, Sakaguchi et al. used tetrahydrofuran (THF) and 4-(heptadecafluorodecyl)benzylamine (HFBA) to deproteinize and derivatize 5-HT, 5-HIAA and three other 5-hydroxyindoles in 70 µL of plasma samples \[[@B38-jcm-08-00640]\]. This method provides LODs of 4.3 pmol/mL for 5-HT and 1.5 pmol/mL for 5-HIAA but the extraction efficiencies were worse and equalled 84.2% for 5-HT and 72.2% for 5-HIAA. For pre-column derivatization with a fluorescence reagent, (*R*)-(--)-4-(*N*, *N*-dimethylaminosulfonyl)-7-(3-isothiocyanatopyrrolidin-1-yl)-2,1,3-benzoxadi-azole (DBD-PyNCS) was used by Ohashi et al. for the determination of L-Tryp and kynurenine (KYN) in 10 µL of human serum samples by the LC-MS technique \[[@B39-jcm-08-00640]\]. This methodology allowed LODs of 150 nM to be achieved for both analytes. The obtained sensitivity and selectivity was enough for the quantification of altered L-Tryp and its metabolite levels in various disease states \[[@B40-jcm-08-00640]\].

In turn, Ellis et al. used only the dilution of 50 µL of urine with formic acid and derivatized NE, E, DA, NM, M and 3-MT with acetaldehyde solution to mono-ethyl or diethyl derivatives \[[@B41-jcm-08-00640]\]. The results showed that the conversion of BAs to less polar ethyl derivatives increased their mass and enhanced the intensity of their molecular ions and fragments. Ethylation also improved the chromatographic properties of the amines, with greater retention and elution from reverse-phase LC columns. The signal response of MS/MS detection was increased up to 50-fold for ethyl metanephrines compared to non-derivatized compounds. This increase allowed for the omission of SPE as a clean-up step prior to the analysis of BAs in urine samples.

2.4. Microdialysis {#sec2dot4-jcm-08-00640}
------------------

Similarly, the *on-line* microdialysis technique described by Tang et al. allowed the sample preparation time to be significantly shortened while providing sensitivity. For example, the LOD of 2 pg was calculated for 5-HT, while 10 pg was found for DA and NE in carcinoma stem cell samples (ECSC) \[[@B42-jcm-08-00640]\]. Microdialysis is one such technique that is widely used by perfusing a fluid across a semipermeable membrane in a probe inserted into an area of interest.

2.5. LLE {#sec2dot5-jcm-08-00640}
--------

A sample preparation procedure for BA isolation from human specimens based on liquid-liquid extraction (LLE) was mainly performed using ethyl acetate \[[@B43-jcm-08-00640],[@B44-jcm-08-00640],[@B45-jcm-08-00640]\] and TCA \[[@B46-jcm-08-00640]\] as extraction solvents. This technique is especially popular when urine samples are investigated. Sadilkowa et al. used ethyl acetate for the extraction of VMA and HVA from 0.5 mL of serum samples instead of 24-h urine \[[@B43-jcm-08-00640]\]. Thanks to the application of LC-MS/MS, the LODs were 0.02 ng/mL for VMA and 0.18 ng/mL for HVA, while the extraction efficiency, expressed as the recovery, was found to be 110.5% for VMA and 108.0% for HVA, respectively. The same extraction solvent was used in studies described by Diniz et al. \[[@B44-jcm-08-00640]\] and Tran et al. \[[@B45-jcm-08-00640]\] allowing the recoveries of the analytes extracted from 1 mL of urine samples to reach 92.1--108.8% and 92--96%, respectively.

Gosetti et al., during the determination of many analytes, including E, DA, 3-MT, NE, 5-HT and L-Tyr, from 50 µL of urine samples, used LLE with TCA \[[@B46-jcm-08-00640]\]. This allowed LODs to be achieved from 0.3 to 6.6 μg/L and recoveries from 72.9 to 100.0%. Additionally, TCA avoids catechol group oxidation in this study. A more complicated method was elaborated by Husek et al. for the determination of 56 amino acids and their conjugates, 84 organic acids, 9 biogenic amines and 4 other polar analytes in 25 µL of human urine samples \[[@B47-jcm-08-00640]\]. They applied liquid-liquid microextraction (LLME) with a tris(3-hydroxypropyl)phosphine (THP) reducing agent and re-extraction into an isooctane with HCl prior to in-situ derivatization of amino-carboxylic metabolites with 1,1,1,2,2,3,3-heptafluorobutyl chloroformate reagent (HFBCF) and GC--MS separation. High recoveries (\>90%) for all analytes were achieved.

2.6. DLLME {#sec2dot6-jcm-08-00640}
----------

Compared to LLE, a major advantage of the dispersive liquid-liquid microextraction (DLLME) procedure is the ease and speed of sample preparation. Initially, DLLME was elaborated for water and environmental samples and was rarely used for complex biological matrices, which require the removal of ballast, such as proteins. During optimizing this approach, the authors took into account a few important parameters affecting the efficiency of extraction, such as: the selection of extraction and dispersion solvents and their appropriate volumes, the effect of the sample pH and salinity on extraction efficiency. The selection of the proper extraction solvent and disperser solvent was the first and most important step in the DLLME procedure. The extraction solvent should possess several characteristics, including low solubility in water, a high affinity to analytes and a higher density and lower miscibility than the aqueous phase. Commonly used extraction solvents in DLLME are: chloroform, dichloromethane and carbon tetrachloride.

As reported by Konieczna et al., a DLLME procedure followed by LC-MS with a hydrophilic interaction chromatography (HILIC) column for the extraction of 13 compounds of different polarities, including BAs, was developed \[[@B48-jcm-08-00640]\]. The studied BAs were extracted from 1 mL of urine (pH 2) using dichloromethane (extraction solvent) and ethanol (dispenser solvent). This achieved LODs of 5 ng/mL for E, 5-HT, Tyr, Tryp, 3-MT, 5-HIAA and VMA and 10 ng/mL for DA, NE, L-DOPA, 5-HTrp, HVA and DOPAC. The mean absolute recoveries were above 99.0% for all the studied analytes. Similar DLLME conditions were applied for the determination of these compounds in 250 µL samples of plasma \[[@B25-jcm-08-00640]\]. Mean recoveries of the analytes ranging between 76.4% and 99.3% were obtained, while matrix effects did not exceed 15%. DLLME, using a mixture of ionic liquid (1-hexyl-3-methylimidazoliumhexafluorophosphate) as the extraction solvent, MeOH as the disperser and water containing fluorescence derivatization reagents (benzylamine and potassium hexacyanoferrate (III)), was applied by Hayama et al. for the determination of 5-HT, 5-HIAA and other analytes in 500 µL samples of human serum \[[@B49-jcm-08-00640]\]. In this case, the mean recoveries ranged from 66 to 98% and the LOD values from 0.08 to 0.33 nM.

2.7. SPE {#sec2dot7-jcm-08-00640}
--------

The isolation procedure based on solid-phase extraction (SPE) is a sample preparation process by which compounds are dissolved or suspended in a liquid mixture and are separated from other compounds in the mixture according to their physical and chemical properties. This technique has been widely employed to concentrate and purify samples for analysis. During SPE, steps including the removal of interfering compounds and the enrichment of the analytes with different types of sorbents, such as: strong cation exchange (SCX), weak cation exchange (WCX) and mixed mode cation exchange (MXC), hydrophilic-lipophilic balanced copolymer (HLB), alumina B and C18, during the isolation of BAs from human matrices, were investigated. Moreover, SPE can be used to isolate analytes of interest from a wide variety of matrices, including urine, whole blood, plasma, serum, cerebrospinal fluid or human peripheral blood mononuclear cells \[[@B16-jcm-08-00640],[@B50-jcm-08-00640],[@B51-jcm-08-00640],[@B52-jcm-08-00640],[@B53-jcm-08-00640],[@B54-jcm-08-00640],[@B55-jcm-08-00640],[@B56-jcm-08-00640],[@B57-jcm-08-00640],[@B58-jcm-08-00640],[@B59-jcm-08-00640],[@B60-jcm-08-00640],[@B61-jcm-08-00640],[@B62-jcm-08-00640],[@B63-jcm-08-00640],[@B64-jcm-08-00640],[@B65-jcm-08-00640],[@B66-jcm-08-00640],[@B67-jcm-08-00640]\].

Ion-exchange SPE cartridges were used for compounds that are charged when in a solution. Cationic (positively charged) compounds are isolated by using SCX or WCX silica-bonded cartridges. In this case, the retention mechanism of the compound is based mainly on the electrostatic attraction of the charged functional group on the compound to the charged group that is bonded to the silica surface. In order for a compound to be retained by ion exchange from an aqueous solution, the pH of the sample matrix must be one at which both the compound of interest and the functional group on the bonded silica are charged. As was reported, silica-bonded sulfonic acid with Na^+^ counterion (SCX) for strong cation exchange was rarely used by Zhang et al. \[[@B54-jcm-08-00640]\]. For the isolation of catecholamines from plasma or urine, WCX cartridges with silica-bonded carboxylic acid with Na^+^ counterion were more popular \[[@B53-jcm-08-00640],[@B55-jcm-08-00640],[@B64-jcm-08-00640],[@B68-jcm-08-00640]\]. The carboxylic acid group is a weak anion, has a pKa of about 4.8, will be negatively charged in solutions of at least 2 pH units above this value and will isolate cations if the pH is one at which they are both charged and is thus considered (WCX). This solution achieves a high recovery of catecholamines from human samples, such as: \>88% from 100 µL of plasma \[[@B53-jcm-08-00640]\], \>98% from 200 µL of plasma \[[@B55-jcm-08-00640]\], ranging from 60 to 96% from 100 µL of urine \[[@B68-jcm-08-00640]\] or ranging from 66 to 93% from 900 µL of plasma \[[@B64-jcm-08-00640]\]. Woo et al., for the determination by LC-MS/MS of free E, NE, DA, M and NM from 100 µL of 24-h urine or plasma samples, applied the Strata-X-CW sorbent \[[@B50-jcm-08-00640]\]. Moreover, to measure the total urinary metanephrines, the hydrolysis of the urine by HCl was applied before SPE was used. The elaborated extraction procedure provides recoveries ranging from 61 to 107%.

For the effective extraction and clean-up of DA, HVA, L-DOPA, NM, E, NE, DOPAC, VMA, 5-HT and 5-HIAA from 2 mL samples of urine, MCX SPE cartridges were used by Park et al. \[[@B66-jcm-08-00640]\]. The SPE procedure was also preceded by hydrolysis with HCl. In order to conduct the GC/MS separation analysis, according to the protocol presented in [Figure 4](#jcm-08-00640-f004){ref-type="fig"}, derivatization was also performed with hexamethyldisilazane (HMDS)/-N-methyl-bis-heptafluorobutyramide (MBHFBA).

The same procedure for the simultaneous determination and separation of many BAs from 2 mL samples of urine was applied by Shin et al. \[[@B67-jcm-08-00640]\]. Similar LOD values, ranging from 0.47 ng/mL for DA to 1.72 ng/mL for VMA, were obtained.

A clean-up procedure with HLB sorbent, which is a universal polymeric reversed-phase sorbent developed for the extraction of a wide range of acidic, basic and neutral compounds from various matrices, was reported by Li et al., who carried out an isolation procedure of NE, E and DA from 0.6 mL of human urine mixed with a diphenyl borate (PBA) buffer (pH 8.5) \[[@B65-jcm-08-00640]\]. In contrast to the majority of works in which the acidic condition was preferred, in this work, alkaline conditions allowed the stability of analytes to be effectively improved through the instant formation of a stable catecholamine-PBA complex. The same method was applied during the isolation of these compounds \[[@B59-jcm-08-00640]\]. The elaborated method proved to be efficient enough to ensure recoveries in the range of 81.0--100.5% for the analytes. The limits of detection for NE, E and DA were 2.0, 0.5 and 2.0 pg/mL. A larger group of analytes, namely NE, E, DA, NM and M, were isolated by Li et al. from 10 μL of human urine samples under the same conditions reaching recoveries from 74.1% to 96.3% \[[@B63-jcm-08-00640]\].

Alumina sorbent is a type of strong polarity adsorption sorbent used in the SPE technique, possessing properties similar to silica. Alumina B sorbent with a basic pH \~8.5, for the adsorption extraction of polar compounds and cation exchange, was used. The properties of Alumina B, for the isolation of E and NE from 350 μL of urine were used by Bergman et al. \[[@B60-jcm-08-00640]\]. In turn, Zhang et al. applied this sorbent for the extraction of the mentioned BAs from 0.5 mL of human plasma \[[@B52-jcm-08-00640]\]. The extraction efficiency obtained in both studies was above 66% for E and NE.

The study reported by He et al. described the application of a unique graphite carbon-based material in HyperSep Hypercarb SPE cartridges for the isolation of M and NM from 0.5 mL of plasma samples \[[@B57-jcm-08-00640]\]. This kind of sorbent effectively retains highly polar compounds, which allowed LOQs to be reached of 7.2 pg/mL for M and 18.0 pg/mL for NM, whereas the recovery value was from 90.5 to 97.5% for both analytes.

Alternatively, microextraction by packed sorbent (MEPS), as a miniaturized form of SPE, has emerged as a new sample preparation technique with the advantages of using reduced extraction sorbent and solvent. Another great achievement of MEPS is the possibility of directly injecting the eluates (typically 20--50 µL) into LC, GC and CE systems without any modifications to the device, facilitating *on-line* coupling to any of these systems. The optimization of MEPS is focused on evaluating crucial parameters, such as sorbent type, sample pH, sample volume and elution conditions, strongly influencing the extraction efficiency. The choice of sorbent type is the most important step in eVols MEPS analysis due to the specific interactions of analytes with the stationary phase in the needle, mostly dependent on the physicochemical properties of the analysed compounds and on the chemical composition of the sorbent. Konieczna et al. used MEPS to isolate 12 BAs from 50 µL of urine and 100 μL of plasma samples \[[@B69-jcm-08-00640]\]. In order to select the appropriate sorbent for the measurements of multiple neurotransmitters with different polarities, four commercially available eVols MEPS sorbents (C8, C18, amino-propyl silane (APS) and MIX having both C8 and C18 groups) were investigated. This is due to the fact that most analysed BAs are very polar compounds and the polarity of the APS sorbent was the highest, therefore this sorbent can be found as the most effective. The recovery results were between 87.6--104.3% for plasma and 84.2--98.6% for urine, respectively. Another study reported by Oppolzer et al. shows the application of MEPS for the extraction of 5-HT, DA and NE from 500 µL of human urine \[[@B70-jcm-08-00640]\]. The obtained recovery results were from 91.97% to 110.06%, whereas the LOD was 20 ng/mL for 5-HT and 2 ng/mL for DA and NE. In turn, Saracino et al. applied MEPS for the first time to extract NE, E and DA from dried plasma spots (DPSs) and dried urine spots (DUSs) as well as from samples of 150 µL of human plasma and 10 µL of urine \[[@B71-jcm-08-00640]\]. In general, the analytes studied in dried matrix spots are reported to be fairly stable; in fact, the use of dried samples affords numerous advantages for clinicians and treatment providers, such as low biohazard risk and costs, feasibility and easiness for sample storage and transport to laboratories. In this study, the LOD was 0.03 ng/mL for all analytes, whereas recovery values were between 86.0--95.2%.

2.8. SPME {#sec2dot8-jcm-08-00640}
---------

During the determination of BAs for the sample preparation step, also another alternative technique, solid-phase microextraction (SPME) was used. SPME holds some advantages over traditional sample preparation methods, such as the possibility to perform preconcentration and extraction in one step, no consumption of toxic and non-environmentally friendly organic solvents and the relative ease of online coupling to chromatographic systems. Comparable to other extraction techniques, in the case of SPME, the key extraction parameters, such as the type of SPME sorbent, pH and salinity of the sample, the type of extraction and desorption solution, the time of the extraction/desorption process and the temperature have to be optimized. For example, Lindstrom et al. applied SPME before LC-MS/MS assays for the determination of serum 5-HT and 5-HIAA in the diagnosis of serotonin producing neuroendocrine neoplasms (NENs) \[[@B72-jcm-08-00640]\]. In this study, 100 µL samples of serum were analysed on 96-well Oasis WCX μElution plates (SPME) and washed with a mixture of methanol/formic acid/water (30/5/65, *v*/*v*). The analytes were eluted with 3% 90 mmol/L ammonium formate in ACN (pH 4). In these conditions, the recovery value was between 95--115% for both analytes, while the LODs and LOQs were 2.5 nmol/L and 10 nmol/L, respectively. Monteleone et al. carried out an analysis of HVA, VMA and 5-HIAA in 50 µL samples of human urine supported by derivatization with methyl- or ethyl- chloroformate and SPME \[[@B73-jcm-08-00640]\]. In this study, the efficiency of the SPME fibre at adsorbing the analytes was tested, resulting in physicochemical properties achieved by the derivatized analytes as a function of the added moieties and used SPME fibres. Finally, the polyacrylate (PA) fibres in immersion mode were selected as the most efficient for the extraction of the analytes. The LODs were 1.3, 0.046 and 24.3 µg/L for HVA, VMA and 5-HIAA, respectively. Under the same extraction conditions, Naccarato et al. detected DA, 5-HT and NE in 600 µL of human urine \[[@B74-jcm-08-00640]\]. However, the recovery results were not shown in both studies.

3. Analytical Strategies of BA determinations Based on Separation Techniques {#sec3-jcm-08-00640}
============================================================================

As it was earlier mentioned, the identification and quantification of BAs in human samples is a challenging task because of variable concentration levels, which are mainly very low, the need of the simultaneous determination of many analytes in one sample or only selected compounds in the presence of others having very similar physicochemical characteristics, as well as the complexity of the matrix sample, which contains a lot of potentially interfering substances. Moreover, most BAs are highly polar, which causes the poor solubility of these compounds in organic solvents ([Table 1](#jcm-08-00640-t001){ref-type="table"}). Additionally, the lack of the intrinsic properties required for the application of detectors commonly applied in many laboratories makes the quantification of BAs difficult. Many various methods have been developed for the determination of these analytes in human samples. However, the most popular are separation techniques based on chromatographic and electromigration techniques. Among them, high-performance liquid chromatography (HPLC) is the predominant method, while gas chromatography (GC) and capillary electrophoresis (CE) are relatively rarely applied.

3.1. Conventional HPLC {#sec3dot1-jcm-08-00640}
----------------------

As mentioned above, BAs are low-molecular weight substances which possess a very high polar nature and a positive charge under acidic conditions. For years, these compounds have separated on conventional reversed-phase C18 columns due to fast elution and the relatively short run-time of the analysis. The monitoring of these analytes was commonly based on ultraviolet (UV) or combined ultraviolet and visible radiation (UV/Vis) detectors, as well as diode array detection (DAD), which is able to register light intensity between 190 and 600 nm. Both UV-Vis and DAD detectors belong to the standard equipment of many laboratories and staff are usually experienced in using them, making this detection method attractive for many pharmaceutical and clinical applications. It should be noticed that despite the fact that there are a great variety of chromatographic columns available on the market, since 2010, the reported conventional methods for the quantification of BAs were based only on C18 stationary phases ([Table 2](#jcm-08-00640-t002){ref-type="table"}). For example, a C18 column and UV detector at λ = 254 nm was applied for the LC analysis of E and NE in human serum \[[@B75-jcm-08-00640]\]. The same type of stationary phase was used for the quantification of L-Tryp and its metabolite in human plasma using UV detection at 280 nm \[[@B32-jcm-08-00640]\]. Unfortunately, major BAs exhibit low absorption at Vis and UV wavelengths, which means that a lot of LC-UV(DAD) methods are not sensitive and selective enough for many specific clinical applications. For the improvement of these parameters, relatively large volume samples, extensive sample preparation and/or tedious, time-consuming derivative procedures were commonly applied before the LC-UV analysis which was earlier described. Another approach to overcome these limitations was the application of a fluorescence (FL) detector, especially that major BAs exhibit native fluorescence. FL detection allows significantly lower values of LOD and LOQ of the compounds of interest to be obtained in comparison to with UV. However, the emission wavelength for these analytes is short and it is not enough for their quantification at small concentrations in real biological samples.

Therefore, pre-column or post-column chemical derivatizations have frequently been performed to increase the sensitivity and selectivity of BA determinations. The choice of pre-column or post-column derivatization mode is dependent on the equipment of the laboratory. Post-column derivatization requires additional instrumentation in the HPLC system, which can be omitted using pre-column derivatization. In each case, the optimization of the fluorescence reaction should be performed, which involves the selection of the optimal derivatizing agent and its concentration, the temperature and the reaction time. Due to the fact that these reactions can be long, automation of the fluorescence procedure is recommended. As it was earlier mentioned, the main chemical reagents for fluorescence derivatization of BAs include benzylamine, ethylenediamine or meso-1,2-diphenylethylenediamine (DPE), which react with BAs in the presence of potassium hexacyanoferrate (III), 2-(perfluorooctyl)ethyl isocyanate (PFOEI), as well as 4-(heptadecafluorodecyl)benzylamine (HFBA). [Figure 5](#jcm-08-00640-f005){ref-type="fig"} presents representative chromatograms obtained by LC-FD for the quantification of eight BAs in urine after derivatization with the use of PFOEI and separation performed on a C18 stationary phase. This method allowed LODs to be obtained in the range of 0.21--4.2 nmol/mL \[[@B37-jcm-08-00640]\].

Another derivatizing agent, such as HFBA, was applied before the LC-FL analysis of 5-HT and 5-HIAA in plasma, based on a fluorous phase column \[[@B38-jcm-08-00640]\]. Moreover, the derivatization of the abovementioned analytes with benzylamine and potassium hexacyanoferrate (III) before the LC-FL assay based on RP18 was also reported \[[@B49-jcm-08-00640]\]. However, the efficiency of this method was significantly lower despite the fact that a large sample volume was used. Unfortunately, the LC-FL technique for BA determinations also suffers from major drawbacks because even after derivatization with chemical agents, fluorimetric detection may be disturbed by endogenous co-eluting compounds.

This has meant that in recent years, the importance of the conventional HPLC method based on FL detection for BA quantification has systematically decreased. Nowadays, this methodology has effectively been replaced by ultrafast performance liquid chromatography (UPLC) with FL detection. For example, the UPLC-FL method based on a C18 stationary phase and derivatization with benzylamine and DPE, instead of HVA, was used for the quantification of NE, 5-HT, 5-HIAA, DA and DOPAC in CSF \[[@B3-jcm-08-00640]\]. This allowed the quantitation of the analytes with LODs of 50 pmol/L. The UPLC technique has been described in more detail in [Section 3.3](#sec3dot3-jcm-08-00640){ref-type="sec"}.

Another interesting alternative to obtain more sensitive assays is the use of electrochemical detection (ED), due to the fact that BAs are electroactive compounds. ED detection exists in two forms: coulometry and amperometry. In both, the current generated by the reaction is directly proportional to the concentration of the analyte in the solution. However, coulometric detection is considered as more sensitive and specific compared to amperometry, which allows smaller sample volumes to be used and lower detection limits obtained. According to the literature data, the LC analysis of 5-HT, DA and NE in human urine was performed on a C18 column using an ED detector based on amperometry for monitoring the analytes \[[@B70-jcm-08-00640]\]. It allowed the quantification of 5-HT at the level of 50 ng/mL while the LOQ for DA and NE was 5 ng/mL. However, a relatively large sample volume (0.5 mL) and a tedious sample preparation procedure based on MEPS were required for the improvement of sensitivity and selectivity.

A coulometric detector was applied for monitoring NE, E and DA in plasma, urine, DPSs and DUSs samples, where the MEPS procedure with separation on a C18 stationary phase was also performed. This analytical procedure allowed significantly lower LODs and LOQs to be obtained for the compounds of interest ([Figure 6](#jcm-08-00640-f006){ref-type="fig"}) \[[@B71-jcm-08-00640]\].

Summarizing, in recent years, the importance of conventional HPLC methods for determining BAs in human biological samples has systematically decreased due to not enough sensitivity and selectivity for many pharmaceutical and clinical applications. Nowadays, LC-MS or LC-MS/MS have become predominant techniques for BA quantifications.

3.2. LC-MS/MS {#sec3dot2-jcm-08-00640}
-------------

The wide application of LC-MS/MS for measurements of BAs in clinical laboratories is related to the many advantages of this analytical technique, such as high specificity and sensitivity, a wide concentration range, minimal sample preparation, high-throughput and the ability of detecting both free and conjugated forms of BAs. It is related to the fact that mass spectrometry is able to quantify and identify compounds on the basis of a mass-dependent transition between the precursor ion and the product ions. Selective reaction monitoring (SRM) or multiple reaction monitoring (MRM) chromatograms of the transitions are extracted after the positive or negative ionization of the compounds of interest. In the case of BA determinations, mainly electrospray ionization (ESI) was used ([Table 2](#jcm-08-00640-t002){ref-type="table"}). It is related to the fact that ESI is preferred for polar molecules. Moreover, it also offers other advantages, like the ability of the precise and accurate quantification of low- and high-molecular weight compounds, high sensitivity and selectivity, as well as an amenability to automation. Therefore, most BA quantifications were performed using ESI in the positive mode, which is preferred for amines, although the negative mode was also applied, especially for VMA, HVA and DOPAC (acids) ([Table 1](#jcm-08-00640-t001){ref-type="table"}) \[[@B25-jcm-08-00640],[@B29-jcm-08-00640],[@B34-jcm-08-00640],[@B39-jcm-08-00640],[@B43-jcm-08-00640],[@B48-jcm-08-00640],[@B58-jcm-08-00640]\]. Another type of ionization, such as atmospheric pressure chemical ionization (APCI), which is preferred for molecules with a low to medium polarity, was also applied for the quantification of BAs in urine samples \[[@B46-jcm-08-00640]\]. The chromatograms were mainly extracted in MRM \[[@B25-jcm-08-00640],[@B26-jcm-08-00640],[@B29-jcm-08-00640],[@B30-jcm-08-00640],[@B31-jcm-08-00640],[@B35-jcm-08-00640],[@B41-jcm-08-00640],[@B42-jcm-08-00640],[@B44-jcm-08-00640],[@B54-jcm-08-00640],[@B55-jcm-08-00640],[@B59-jcm-08-00640],[@B60-jcm-08-00640],[@B62-jcm-08-00640],[@B64-jcm-08-00640],[@B65-jcm-08-00640],[@B68-jcm-08-00640],[@B76-jcm-08-00640],[@B77-jcm-08-00640]\]; although the SRM mode was also used for BA quantifications \[[@B7-jcm-08-00640],[@B28-jcm-08-00640],[@B57-jcm-08-00640]\]. However, analysis in MRM mode is preferred in clinical practice to avoid false-positive results. An interesting approach is also the application of the MRM^3^ mode, which can improve the reliability of the obtained results \[[@B78-jcm-08-00640]\]. Therefore, the LC-MS/MS technique was applied for the identification and the quantification of BAs in serum \[[@B29-jcm-08-00640],[@B31-jcm-08-00640],[@B35-jcm-08-00640],[@B39-jcm-08-00640],[@B43-jcm-08-00640],[@B49-jcm-08-00640],[@B58-jcm-08-00640],[@B61-jcm-08-00640],[@B72-jcm-08-00640],[@B75-jcm-08-00640]\], urine \[[@B7-jcm-08-00640],[@B22-jcm-08-00640],[@B23-jcm-08-00640],[@B24-jcm-08-00640],[@B29-jcm-08-00640],[@B31-jcm-08-00640],[@B32-jcm-08-00640],[@B34-jcm-08-00640],[@B37-jcm-08-00640],[@B41-jcm-08-00640],[@B44-jcm-08-00640],[@B46-jcm-08-00640],[@B48-jcm-08-00640],[@B50-jcm-08-00640],[@B60-jcm-08-00640],[@B63-jcm-08-00640],[@B65-jcm-08-00640],[@B68-jcm-08-00640],[@B69-jcm-08-00640]\], plasma \[[@B7-jcm-08-00640],[@B16-jcm-08-00640],[@B25-jcm-08-00640],[@B26-jcm-08-00640],[@B27-jcm-08-00640],[@B30-jcm-08-00640],[@B32-jcm-08-00640],[@B38-jcm-08-00640],[@B52-jcm-08-00640],[@B53-jcm-08-00640],[@B57-jcm-08-00640],[@B69-jcm-08-00640],[@B71-jcm-08-00640]\], whole blood \[[@B51-jcm-08-00640]\] and other human samples \[[@B3-jcm-08-00640],[@B16-jcm-08-00640],[@B31-jcm-08-00640],[@B42-jcm-08-00640],[@B59-jcm-08-00640],[@B76-jcm-08-00640]\] ([Table 2](#jcm-08-00640-t002){ref-type="table"}). A method based only on ESI-MS/MS for the determination of 13 amino acids in human plasma, including L-Tyr, has also been reported \[[@B56-jcm-08-00640]\]. This type of detection is considered as adequate for the direct monitoring of BAs but derivatization, as it was earlier mentioned, leads to a significant improvement in sensitivity and selectivity. For this reason, many LC-MS/MS procedures based on the pre-column or post-column derivatization of BAs using several derivatization agents, such as dansyl chloride \[[@B27-jcm-08-00640]\], phenylisothiocyanate (PITC) \[[@B35-jcm-08-00640]\], acetaldehyde \[[@B16-jcm-08-00640],[@B41-jcm-08-00640],[@B52-jcm-08-00640]\], propionic anhydride with pyridine \[[@B54-jcm-08-00640]\], 4-(*N*, *N*-dimethylaminosulfonyl)-7-(3-isothiocyanatopyrrolidin-1-yl)-2,1,3-benzoxadiaz-ole (DBD-PyNCS) \[[@B39-jcm-08-00640]\] and perfluoroheptanoic acid (PFHA) \[[@B57-jcm-08-00640]\], were applied.

It should also be noticed that several LC-MS/MS methods reported in the literature were based on traditional C18 stationary phases but most of them used shorter columns with a smaller diameter of the particles (mainly 3 microns) and a smaller inner diameter of the column (mainly ≤ 3 mm) in respect to conventional HPLC techniques. This allowed higher selectivity and sensitivity to be obtained \[[@B16-jcm-08-00640],[@B27-jcm-08-00640],[@B29-jcm-08-00640],[@B30-jcm-08-00640],[@B32-jcm-08-00640],[@B35-jcm-08-00640],[@B39-jcm-08-00640],[@B44-jcm-08-00640],[@B50-jcm-08-00640]\]. On the other hand, the danger of the too fast elution and/or poor peak resolution of BAs in LC-MS/MS methods, because of their too low retention in the hydrophobic stationary phases, was not completely resolved. This analytical problem can be reduced by the application of columns having slightly different physicochemical characters. For example, an Atlantis T3 column with C18-alkyl phases bonded at the ligands with a lower density to those used in traditional hydrophobic stationary phases was used for the determination of BAs \[[@B31-jcm-08-00640],[@B41-jcm-08-00640]\]. Another possibility was the use of a base-deactivated silica (BDS) column, which allowed the reduction of the peak-tailing of polar analytes by the reduction of unwanted silanol interactions of covalently-bonded silica stationary phases with the polar compounds \[[@B44-jcm-08-00640]\]. The BDS column was applied for the effective quantification of E, NE, DA, M and NM in urine samples, with LOQs between 1 and 11.11 µg/L. Another interesting approach is the use of a porous graphitic carbon (PGC) column with a particular retention mechanism based on the interactions between polar compounds and the polarizable surface of graphite. The PGC column was able to quantify M and NM in human plasma at the level of 7.2 and 18.0 pg/mL, respectively \[[@B57-jcm-08-00640]\]. A pentafluorophenyl propyl stationary phase can increase the retention of the protonated polar compounds. This column was applied for the effective LC separation of NE, E and DA in urine samples, with LOQs between 0.25 and 2.5 ng/mL \[[@B65-jcm-08-00640]\]. The application of a C18 monolithic column possessing porous rods of silica instead of individual silica particles allowed for improvements in the separation and the quantification of E and NE (LOQs of 5.00 and 20.0 pg/mL for E and NE, respectively) ([Figure 7](#jcm-08-00640-f007){ref-type="fig"}) \[[@B52-jcm-08-00640]\].

Another alternative was the use of hydrophilic interaction liquid chromatography (HILIC), which possesses a water-rich layer over the polar stationary phase. It means that the compounds of interest can interact with the mobile phase and the hydrophilic environment by hydrogen and electrostatic bonding. HILIC columns are especially suitable for the isolation of polar analytes in the presence of high matrix interferences. Moreover, they are able to enhance the sensitivity of the methods with electrospray ionization. HILIC columns were used for the separation of BAs in human serum \[[@B58-jcm-08-00640],[@B61-jcm-08-00640],[@B72-jcm-08-00640]\], plasma \[[@B53-jcm-08-00640],[@B55-jcm-08-00640]\], carcinoma stem cells \[[@B42-jcm-08-00640]\], as well as in whole blood samples \[[@B51-jcm-08-00640]\]. The disadvantage of the application of HILIC is the poor separation of O-methylated metabolites. The introduction of amide HILIC stationary phases allows these issues to be overcome, allowing the separation of these compounds while still retaining the benefits of HILIC \[[@B25-jcm-08-00640],[@B48-jcm-08-00640],[@B69-jcm-08-00640],[@B76-jcm-08-00640]\]. Moreover, a mixed mode WCX stationary phase was used for the effective separation of BAs using ion-exchange chromatography \[[@B46-jcm-08-00640]\], whereas a mixed-mode column containing both reversed-phase and anion exchange groups was applied for the analysis of 5-HIAA in human plasma samples \[[@B26-jcm-08-00640]\].

3.3. UPLC-MS/MS {#sec3dot3-jcm-08-00640}
---------------

Since 2004, new generations of stationary phases compatible with LC systems have been introduced on the market under the name Ultra Performance Liquid Chromatography (UPLC). In UPLC systems, short columns with a small diameter of the particles (\<2 µm) and the inner diameter of the column within 2.0--2.1 mm are applied. It allows a substantial reduction in the dwell volume from 1-2 mL to about 120 µL. In consequence, the analysis time can be significantly decreased without loss in efficiency. In comparison to the conventional HPLC methods, UPLC shows many advantages, including higher throughput, better resolution, higher sensitivity and less solvent consumption. However, UPLC systems require specially designed chromatographic instruments because of the column back pressure, which increases to 1200 bar. According to the literature, the UPLC-MS/MS analyses of BA profiles in human samples were commonly performed on C18 \[[@B7-jcm-08-00640],[@B54-jcm-08-00640],[@B77-jcm-08-00640]\], although other stationary phases were also applied \[[@B28-jcm-08-00640],[@B43-jcm-08-00640],[@B64-jcm-08-00640],[@B68-jcm-08-00640]\]. For example, the representative chromatogram obtained by the LC-MS/MS method carried out on a UPLC BEH C18 column (2.1 × 100 mm, 1.7 µm) for the quantification of DA in the presence of NE in human neonate plasma was shown in [Figure 8](#jcm-08-00640-f008){ref-type="fig"}. This method was able to determine the analyte with LOQ of 10 pg/mL \[[@B54-jcm-08-00640]\].

The UPLC-MS/MS assay of E and NE in human plasma using a BEH phenyl column supported by fully automated protein precipitation and reductive ethylation labelling allowed a LOQ of 0.05 ng/mL to be obtained for both analytes \[[@B28-jcm-08-00640]\]. UPLC-MS/MS after LLE was performed on an HSS T3 column for the measurement of VMA and HVA in human serum samples \[[@B43-jcm-08-00640]\]. The LOQs were 0.02 ng/mL for VMA and 0.18 ng/mL for HVA, respectively.

Despite many advantages, LC(UPLC)-MS/MS possesses some limitations, which should also be considered during method development. One of them is its susceptibility to matrix constituents, namely matrix effects which can enhance or suppress the ionization efficiency of the analytes. If such compounds co-elute with the analyte they can incorrectly change the response of the MS/MS detector. Moreover, isobaric interference can occur between the compounds with identical molecular masses, although this phenomenon is less problematic for BAs and their metabolites compared to other analytes (e.g., steroids). Additionally, ionic cross talk can occur for the analytes which are not chromatographically resolved and where in-source fragmentation can result in the formation of ions mimicking the compound of interest. It can lead to the over-estimation of concentrations of the analyte \[[@B79-jcm-08-00640]\]. Therefore, matrix effects should be estimated, especially that they are mostly related to ESI sources \[[@B80-jcm-08-00640],[@B81-jcm-08-00640]\]. The correction of the ion suppression/enhancement effect can be calculated when an internal standard is used during the development and validation of LC(UPLC)-MS or LC(UPLC)-MS/MS methods. Moreover, both MS/MS-based systems are expensive and require skilled laboratory personnel in implementing the methods, as well as specialized technical support for the cleaning and maintenance of the instruments. Another difficulty is the fact that these methodologies are more sensitive and specific compared to other detection techniques and there is a need to establish new reference intervals in terms of their implementation in clinical practice. So far, LC-MS/MS reference intervals have been calculated for many catecholamines and metabolites, including BAs \[[@B82-jcm-08-00640],[@B83-jcm-08-00640],[@B84-jcm-08-00640],[@B85-jcm-08-00640],[@B86-jcm-08-00640],[@B87-jcm-08-00640],[@B88-jcm-08-00640]\].

3.4. Mobile Phase {#sec3dot4-jcm-08-00640}
-----------------

Independent of the used LC system, the optimization of the mobile phase composition is extremely important because the physicochemical character of the mobile phase can decide on the success or defeat of each chromatographic separation. Therefore, the proportion of the organic modifier, the qualitative and quantitative composition of the buffer solution if it is applied as an aqueous phase, the selection of an ion-pairing reagent and the final pH value should be considered and carefully chosen.

According to the literature data, reverse-phase liquid chromatography (RP-LC) was the predominant technique for the determination of BAs, in which a weak solvent for the mobile phase possesses polar characteristics, whereas a strong solvent has hydrophobic properties. As the weak solvent, usually water adjusted to acidic pH with formic acid (FA) (e.g., \[[@B23-jcm-08-00640],[@B29-jcm-08-00640],[@B30-jcm-08-00640]\]) or acetic acid \[[@B39-jcm-08-00640],[@B46-jcm-08-00640]\] was used. Moreover, an ammonium formate (AF) buffer in water (e.g., \[[@B22-jcm-08-00640],[@B55-jcm-08-00640],[@B75-jcm-08-00640]\]), AF or ammonium acetate (AA) buffer in water adjusted to acidic pH with FA (e.g., \[[@B16-jcm-08-00640],[@B26-jcm-08-00640],[@B51-jcm-08-00640],[@B69-jcm-08-00640]\]) were applied as the weak solvent of the mobile phase. In the case of components of the mobile phase having a strong hydrophobic character, usually pure ACN (e.g., \[[@B58-jcm-08-00640],[@B61-jcm-08-00640],[@B75-jcm-08-00640]\]) and ACN adjusted to acidic pH with FA or and/or AF buffer were applied (e.g., \[[@B16-jcm-08-00640],[@B29-jcm-08-00640],[@B31-jcm-08-00640]\]). Moreover, pure MeOH (e.g., \[[@B28-jcm-08-00640],[@B52-jcm-08-00640],[@B65-jcm-08-00640]\]) and MeOH adjusted to acidic pH with FA and/or an ammonium buffer \[[@B7-jcm-08-00640],[@B26-jcm-08-00640],[@B42-jcm-08-00640],[@B60-jcm-08-00640]\] were also reported. Considering the pH value of the mobile phases used for the quantification of BAs in human samples, it was between 2.2 and 6.55, although values lower than 3.5 were mainly reported ([Table 2](#jcm-08-00640-t002){ref-type="table"}). These pH values were optimal due to the decreased risk of the loss of BAs in the sample, related to their oxidation tendency. Moreover, the pH of the mobile phase decided on the ionization degree of the analytes, which is dependent on their pKa values and the pH-value of the mobile phase ([Table 1](#jcm-08-00640-t001){ref-type="table"}). In effect, depending on the used pH of the mobile phase, the analytes can possess different charge forms, which can change their behaviour in specific chromatographic conditions. For BA determinations, more effective separations can be obtained using an acidic pH of the mobile phase.

The data summarizing chromatographic methods for BA determination confirmed that gradient elution of BAs was mostly applied, based on the controlled modification of the composition of the mobile phase during the run-time of the analysis, although the isocratic mode with a constant mobile phase composition during chromatographic separation was also reported \[[@B29-jcm-08-00640],[@B38-jcm-08-00640],[@B42-jcm-08-00640],[@B44-jcm-08-00640],[@B51-jcm-08-00640],[@B70-jcm-08-00640],[@B71-jcm-08-00640]\]. Gradient elution allows the separation of the compounds whose peak resolution under isocratic conditions is unsuccessful. It is especially important when a lot of compounds should be separated and quantified simultaneously in the same sample during one chromatographic run analysis time. This is common for BA determinations in human samples, which explains the frequent application of this elution mode in many pharmaceutical and clinical applications. On the other hand, gradient elution, because of the modification of the mobile phase composition, can cause a change of the pH-values. In consequence, various chromatographic behaviours of the analytes can be observed during chromatographic separation. This phenomenon should be investigated during the method development.

It should also be noticed that the composition of the mobile phase, the used flow rate and the elution mode, combined with the selected stationary phase, is optimized in terms of obtaining high selectivity and sensitivity in a possible short analysis time. Of course, this task is more complicated for the simultaneous determination of many analytes with different physicochemical properties. And according to the literature data, the separations of BAs in human samples with the equilibration of the column involved an analysis time from 3.0 \[[@B23-jcm-08-00640]\] to 40 min \[[@B39-jcm-08-00640]\].

3.5. GC-MS/MS {#sec3dot5-jcm-08-00640}
-------------

Gas chromatography, coupled to mass spectrometry (GC-MS) or tandem mass spectrometry (GC-MS/MS), is commonly considered as a valuable tool in clinical chemistry because of high resolution, which allows even minor structural differences between analytes to be identified and high sensitivity. An advantage is also the very low sample volume required for GC analysis (usually 1--5 µL). Despite the unquestionable advantages of GC-MS(MS), this separation technique has not become widely used as a routine technique for quantifying BAs in clinical laboratories. This is related to the chemical structures of the compounds of interest, which are non-volatile and thermolabile. It means that a derivatization step is required before GC separation for producing volatile and stable adducts of BAs which are amenable to ionization techniques. The derivatization reagent should produce only one derivative, remain stable in the analysis and possess appropriate properties with regard to the used detection mode. If this process is not correctly optimized, multiple derivatives can be created, which may hinder the identification and quantification of the analytes. Unfortunately, there are a limited number of standard methods or established protocols which have been reported in the literature for the reliable derivatization of BAs. Moreover, time-consuming and labour-intensive sample preparation is required, including both extraction procedures and derivatization, as was described in part 2.2.

Since 2010, limited numbers of GC-MS(MS) methods for the quantification of BAs in human samples have been reported ([Table 3](#jcm-08-00640-t003){ref-type="table"}). In these methods, the analytes were mainly ionized using electron ionization (EI) \[[@B47-jcm-08-00640],[@B73-jcm-08-00640],[@B74-jcm-08-00640]\]. The chromatograms were extracted in both SIM \[[@B33-jcm-08-00640],[@B45-jcm-08-00640],[@B47-jcm-08-00640],[@B66-jcm-08-00640]\], SRM \[[@B74-jcm-08-00640]\] and MRM mode \[[@B67-jcm-08-00640],[@B73-jcm-08-00640]\]. For example, GC-EI-MS supported by SPE and derivatization was applied for the quantification of DA, HVA, L-DOPA, NM, E, NE, DOPAC, VMA, 5-HT and 5-HIAA in human urine samples. The used GC-MS conditions allowed LOQs between 0.17 and 17.84 ng/mL to be obtained for the analytes studied \[[@B66-jcm-08-00640]\]. The same derivatizing agent was applied before the GC-EI-MS/MS analysis of many analytes, including HVA, MHPG, VMA, 5-HIAA, DA, M, L-Tryp, 5-HT, L-DOPA, DOPAC, NM, E and NE, in human urine \[[@B67-jcm-08-00640]\]. The LOQs for the mentioned BAs were calculated from 1 to 25 ng/mL. Gas chromatography-triple quadrupole mass spectrometry (GC-QqQ-MS) for the measurement of HVA, VMA and 5-HIAA in human urine supported by derivatization and SPME was also developed \[[@B73-jcm-08-00640]\]. The application of EI in MRM mode allowed the LOQs of 2.7, 0.063 and 49.6 µg/L to be obtained for HVA, VMA and 5-HIAA, respectively. GC-QqQ-MS technique was also used for the quantification of DA, 5-HT and NE in the urine samples \[[@B74-jcm-08-00640]\]. The chromatogram of the real urine sample was presented in [Figure 9](#jcm-08-00640-f009){ref-type="fig"}.

However, as mentioned above, nowadays, GC-MS(MS) applications, due to their poor practicability and high requirements for operational skills and expertise have remained limited in clinical practice, whereas, in parallel, increased interest in the use of capillary electrophoresis (CE) for the determination of BAs in human samples has been noticed.

3.6. CE {#sec3dot6-jcm-08-00640}
-------

An alternative to LC methods for the simultaneous determination of BAs in human samples are electromigration techniques as an analytical tool, thanks to their advantages, such as higher efficiency and separation resolution, simpler instrumentation, minor consumption both of the sample and chemicals and tolerance to complex mixtures. Moreover, because of their satisfactory water solubility and multiple ionization sites, they are more amenable for electrophoretic separation than chromatographic analysis. BAs have an amphoteric nature, in contrast with some of their metabolites, such as DOPAC, HVA and VMA. Their catechol group is quite stable in an acidic medium; however, it can oxidize to a quinone species both in neutral and alkaline conditions, making them electroactive compounds. It is worth noting that BAs usually have two pKa values, (pKa1 and pKa2) ([Table 1](#jcm-08-00640-t001){ref-type="table"}) but when one of their substituents is a carboxyl group, the pKa (COOH) value increases \[[@B14-jcm-08-00640]\]. BAs with an alkaline nature show the highest levels of electrophoretic mobility, therefore in the separation system, at normal polarization, they migrate first. Zwitterion BAs, in these circumstances, travel along the capillary a bit slower and at the last one, the window of detection, they obtain acidic amines, those with the lowest values of electrophoretic mobility.

### 3.6.1. Electrolyte Composition {#sec3dot6dot1-jcm-08-00640}

As capillary electromigration methods evolved, it became obvious that wide versatility in the selectivity of separation can be achieved by changes in the buffer composition, mode of CE technique and proper selection of the type of detector. Because most compounds of interest are protonated under physiological conditions, they are cations and thus their separations by capillary zone electrophoresis (CZE) can be carried out under acidic conditions in the presence of a small electroosmotic flow (EOF) \[[@B89-jcm-08-00640],[@B90-jcm-08-00640]\] or weakly acidic electrolytes \[[@B91-jcm-08-00640],[@B92-jcm-08-00640],[@B93-jcm-08-00640],[@B94-jcm-08-00640]\]. A CZE mode capable of carrying out the simultaneous separation of 10 key BAs in urine samples from healthy male athletes with 150 mM phosphate and 1 mM borax at a pH of 6.1 as the running buffer was developed \[[@B91-jcm-08-00640]\] ([Table 4](#jcm-08-00640-t004){ref-type="table"}).

However, at very acidic electrolytes, the acidic metabolites of BAs were separated with satisfactory efficiency but the basic analytes were not separated at low pH conditions \[[@B95-jcm-08-00640]\]. On the other hand, separations of BAs by CZE are sometimes unsuccessful, especially because they also have low hydrophilic properties and similar dissociation constant (pKa) values, as well as the tendency to be adsorbed on the inner capillary wall. To overcome the solubility problem and improve resolving power, micellar electrokinetic chromatography (MEKC), resulting in a significant change in the migration behaviour of the BAs and their metabolites, was adopted.

An anionic surfactant, such as sodium dodecyl sulphate (SDS), that forms micelles at concentrations greater than its critical micelle concentrations was added to the running electrolyte to provide pseudostationary phases for resolving neutral or zwitterion solutes in MEKC. Negative molecules during the electrophoretic separation slightly interact with micelles and therefore migrate at first, whereas the zwitterion or neutral analytes can interact with a different intensity or even be incorporated into the interior of the micelle. This approach was reflected in the MEKC method described by Miękus et al., \[[@B96-jcm-08-00640],[@B97-jcm-08-00640]\] employed to effectively separate seven BAs in human urine samples. In these works, the effect of BGE additives such as MeOH and α-cyclodextrin was also described.

Due to the very low, almost trace levels of BAs in human biological fluids (serum, plasma, urine) and tissues, most of the current electromigration research focuses on improving CE detection limits and sensitivity by adopting preconcentration techniques, developing high sensitivity detectors or combining these approaches. In the last decade, the most common methods of electromigration on-line preconcentration strategies, known as field-amplified sample stacking (FASS) and field-amplified sample injection (FASI) have been employed to enhance sensitivity. The use of a high BGE concentration, the dilution of the injected sample or the addition of an organic solvent to the sample or a combination thereof will result in obtaining the FASS technique, by the hydrodynamic injection of a sample with lower conductivity than the BGE. A CE method for the simultaneous stacking of analytes by combining polymer-based and the FASS technique for selected catecholamine, indoleamine and metanephrine compounds was adopted by Hsieh et al. ([Figure 10](#jcm-08-00640-f010){ref-type="fig"}) \[[@B98-jcm-08-00640]\].

Moreover, in the same studies, the authors used, as a supplement to Tris-borate (TB) buffer, 10% (*v*/*v*) glycerol and 0.5% polyethylene oxide (PEO). Based on the differences in the electric field between the sample zone and the TB-containing electrolyte and viscosity differences between the sample zone and the polyethylene oxide (PEO)-containing buffer, a sensitivity improvement of 116 to 281-fold was obtained, providing LODs at nM levels for cationic and anionic neurochemicals in urine samples from a healthy volunteer.

In order to increase the sensitivity of CE methods, on-line sample preconcentration based on field-amplified sample injection (FASI) was successfully used by Claude et al. \[[@B89-jcm-08-00640]\]. This injection technique consists of stacking ionic analytes at the interface between two zones with different conductivity. Before electrokinetically injecting the sample, a low conductivity solvent is hydrodynamically introduced at the inlet of the capillary, previously filled with a high ionic strength running electrolyte. Finally, analytes are concentrated at the boundary between the pre-injection plug zone with low conductivity (high electric field) and the BGE zone with high conductivity (low electric field) \[[@B89-jcm-08-00640]\].

Different types of on-line sample preconcentration techniques, including FASS, head-column (HC) FASS, electrostacking and sweeping were performed for the determination of A, NA, DA and NM in an N-alkyl substituted imidazolium coated capillary \[[@B90-jcm-08-00640]\]. Moreover, in this work, it was found that long-chain imidazolium ionic liquids (C12MImCl and C16MImCl) in BGE can create a dynamic coating of the quartz capillary walls and generate anode electroosmotic flow. The elaborated method allows LODs to be obtained for selected BAs at a concentration range of 0.3--1.1 ng/mL in urine samples.

Recently, microchip electrophoresis (MCE), conserving the advantages of low sample consumption and high analysis speed, is increasingly being viewed as a successful alternative to CE technology for rapid analysis. Therefore, an on-line preconcentration strategy combining FASS and reversed-field stacking (RFS) was developed for the efficient and sensitive analysis of DA, NA and 5-HT in real urine samples by MCE with laser-induced fluorescence (LIF) detection \[[@B99-jcm-08-00640]\]. The proposed multiple-preconcentration strategy greatly improved the sensitivity enhancement and surpassed other conventional analytical methods for the quantification of neurotransmitters and can yield a 182- to 292-fold increase in detection sensitivity ([Figure 11](#jcm-08-00640-f011){ref-type="fig"}).

### 3.6.2. Detection Modes after CE Separation {#sec3dot6dot2-jcm-08-00640}

Various detection modes have been employed for the quantification of BAs, although UV detection was mainly applied because of its low cost and its relatively lax requirements for sample treatment. However, due to low sensitivity, caused by the short optical path length and the low sample injection volumes, the enhancement in the signal sensitivity of detection after CE separation continues to be a hot topic, especially for the analysis of biological samples in which the analytes are present at trace levels \[[@B106-jcm-08-00640]\]. LOD values in the nM range for BAs, using electromigration techniques, have been achieved usually by employing low-UV wavelengths (200-220 nm) and using mostly preconcentration sampling techniques during sample injection. UV detection sensitivities in CE are lower than those of HPLC and can be successfully increased by on-line pre-concentration procedures with coupling CZE with isotachophoresis (ITP). In the last decade, based on this combination a two-dimensional CE method with (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD) additive in background electrolyte was developed for effective determination of 5-HT as biomarker in urine of healthy volunteers \[[@B107-jcm-08-00640]\]. It should be noticed that ITP can serve for the sample pre-separation, elimination of sample matrix constituents (sample clean up) and preconcentration of the analytes. Despite the favourable sensitivity and the possibility of increasing the preconcentration degree of the analytes several thousand times, so far the combination of both ITP and CZE techniques has been mainly used for BA quantifications in food or beverage samples. However, this approach should be seriously considered in the nearest future also for biological matrices, including human samples.

Chemiluminescence detection (CL) has been another system employed for BA determination, principally catecholamines, due to the fact that they tend to increase the chemiluminescence formed as a result of the reaction of luminol with metal complexes in the alkaline solution. This has achieved LODs in the range of 69--100 μM for DA, E and NE in urine samples from patients with pheochromocytoma \[[@B100-jcm-08-00640]\]. To compare the levels of E in the urine of smokers and non-smokers, a sensitive chemiluminescence (CL) system, luminol diperiodato cuprate (III), was developed by Li et al. \[[@B94-jcm-08-00640]\]. In this case, the separation time did not exceed 7 min and the LOD for E was 0.82 ng/mL. Lower LOD values were obtained in the determination of DA and E levels in human urine from healthy volunteers using nanocrystal quantum dots in the CE buffer to catalyse the chemiluminescence reaction between luminol and hydrogen peroxide, achieving a higher CL emission \[[@B92-jcm-08-00640]\].

Alternatively, FL detection has been a popular analytical tool due to higher sensitivity than UV detection. Since BAs do not exhibit strong fluorescence, they could not be detected directly in a sensitive manner. Although the use of laser-induced fluorescence (LIF) detection in CE provides higher sensitivity and better selectivity than UV absorbance detection, it usually requires a derivatization reagent, a compound which needs to fulfil several requirements, such as stability, minimal hydrolysis products, low reaction times and fitting in the excitation wavelengths of an argon-ion laser (351 nm and 488 nm, among others) because this is the most commonly used laser. The CE method, in conjunction with light-emitting diode-induced fluorescence detection using polyethylene oxide solutions containing SDS, has been proposed for the determination of L-Tyr, L-Trypt, NA, DA and 5-HT in human breast cancer cells (MCF-7) and human epithelial cells (H184B5F5/M10) \[[@B101-jcm-08-00640]\]. In the presence of SDS and PEO, the adsorption of analytes on the capillary wall was suppressed, leading to high efficiency and reproducibility, achieving, in conjunction with laser-induced fluorescence or light-emitting diode-induced fluorescence (LEDIF) detection, LODs ranging from 2.06 to 19.17 nM.

Amperometric detection (AmpD) was also applied for the monitoring of BAs in CE methodologies. A dynamic pH junction technique for the CE-AmpD analysis of six BAs, including DA, E, NE, L-Tyr, L-Tryp and 5-HT has been proven to be sensitive, rapid and reproducible. Compared with the classical CE method previously reported, the method described by Tang et al. \[[@B102-jcm-08-00640]\] showed approximately a 100-fold enhancement, which allowed μM levels of LODs to be obtained for the analytes. Zhao et al. developed another microchip electrophoresis (MCE) application with AmpD (Ag/AgCl) to determine DA, E, 5-HT and catechol in spiked CSF from healthy human samples using a microfluidic poly-dimethylsiloxane (PDMS) device with its microchannel coated with polystyrene nanosphere/polystyrene sulfonate to increase the separation efficiency and to stabilize the EOF \[[@B103-jcm-08-00640]\].

The FASS technique using a fused silica capillary coated with gold nanoparticles (AuNPs) embedded in poly(diallyldimethylammonium) chloride (PDDA) with a boron-doped diamond electrode was investigated for the electrophoretic separation of HVA and VMA by Zhou et al. \[[@B105-jcm-08-00640]\]. The authors used the elaborated method for the evaluation of the HVA/VMA ratio in urine samples and for the diagnosis of Menkes disease.

Although over the last decade, CE-MS systems have proven very characteristic to facilitate the unambiguous identification of complex biological samples, there are no reports in the literature about the use of such a strategy for BAs in biological samples of human origin.

3.7. Internal Standards {#sec3dot7-jcm-08-00640}
-----------------------

It is generally known that methods based on internal standards allow more precise and accurate quantification of analytes. This validation protocol has been commonly applied in both LC, GC and CE methods, where several compounds were used as internal standards for the quantification of BAs, depending on the applied separation technique and detection mode ([Table 2](#jcm-08-00640-t002){ref-type="table"}, [Table 3](#jcm-08-00640-t003){ref-type="table"} and [Table 4](#jcm-08-00640-t004){ref-type="table"}). For example, the LC-MS/MS method for the determination of BAs in urine and plasma samples was based on norvaline \[[@B25-jcm-08-00640],[@B48-jcm-08-00640]\] and 3,4-dihydroxybenzylamine (DHBA) \[[@B69-jcm-08-00640],[@B70-jcm-08-00640]\] applied as the internal standards, while 3-phenyl butyric acid was used in GC-MS/MS analysis for the quantification of HVA and VMA in urine samples \[[@B66-jcm-08-00640]\]. However, the most common isotopically-labelled BAs were applied, particularly for the methods based on MS/MS detection, independent of whether the LC \[[@B7-jcm-08-00640],[@B16-jcm-08-00640],[@B26-jcm-08-00640],[@B28-jcm-08-00640],[@B30-jcm-08-00640],[@B31-jcm-08-00640],[@B34-jcm-08-00640],[@B41-jcm-08-00640],[@B42-jcm-08-00640],[@B43-jcm-08-00640],[@B44-jcm-08-00640],[@B49-jcm-08-00640],[@B50-jcm-08-00640],[@B53-jcm-08-00640],[@B54-jcm-08-00640],[@B55-jcm-08-00640],[@B56-jcm-08-00640],[@B57-jcm-08-00640],[@B58-jcm-08-00640],[@B59-jcm-08-00640],[@B62-jcm-08-00640],[@B63-jcm-08-00640],[@B64-jcm-08-00640],[@B65-jcm-08-00640],[@B68-jcm-08-00640],[@B76-jcm-08-00640],[@B77-jcm-08-00640]\] or GC \[[@B33-jcm-08-00640],[@B66-jcm-08-00640],[@B67-jcm-08-00640],[@B73-jcm-08-00640],[@B74-jcm-08-00640]\] technique was used. It is related to the fact that isotopically-labelled analytes are ionized identically to those of unlabelled compounds, which allows better accuracy and precision to be obtained. For BA electrophoretic assays, internal standards were only used for UV detector applications. The most common for this purpose 3,4-DHBA \[[@B89-jcm-08-00640],[@B95-jcm-08-00640]\], phenyl-propanolamine \[[@B93-jcm-08-00640]\] or 4-metoxythyramine \[[@B96-jcm-08-00640]\] were employed.

LC, GC and CE methods without internal standards were also developed and validated. However, as mentioned above, methods based on external standards are burdened by a bigger probability of imprecise and inaccurate assay, especially for biological samples possessing complicated matrices, which have to be extensively cleaned-up and/or derivatized.

4. Non-separation Approaches for the Quantification of BAs {#sec4-jcm-08-00640}
==========================================================

4.1. Immunoassays {#sec4dot1-jcm-08-00640}
-----------------

As mentioned above, GC, LC or CE techniques belong to the most important instrumental methods for the precise and accurate determination of BAs. On the other hand, these methods can be considered as time-consuming and labour-intensive as well as requiring considerable skill. An interesting alternative with respect to this seems to be immunoassays for the quantification of BAs, which are generally simple, robust and can be fully automated giving a high sample throughput. Moreover, these methods are also commercially available in the form of test kits and relatively little technical expertise is required for use. They belong also to the most sensitive of all quantification methods \[[@B108-jcm-08-00640]\]. Therefore, immunoassays were applied for the quantification of metanephrines in plasma and urine \[[@B109-jcm-08-00640],[@B110-jcm-08-00640]\], while enzyme-linked immunosorbent assay (ELISA) was used to determine DA, NE, 5-HT and a sulphate derivative of dehydroepiandrosterone (DHEAS) in spot urine \[[@B111-jcm-08-00640]\], as well as DA, NE and 5-HT in serum samples \[[@B112-jcm-08-00640],[@B113-jcm-08-00640]\]. However, immunoassays also possess serious limitations. The most important are related with low specificity and accuracy because of possible cross-reactivity, nonspecific binding or interferences due to matrix effects, which are well known and described in the literature \[[@B114-jcm-08-00640],[@B115-jcm-08-00640]\]. Another drawback is the necessity to use a different assay for each BA. In addition, they are able to determine the analyte in a narrow concentration range. Moreover, internal standards are not used in immunoassays, which decreases confidence in the presented values. A serious problem is also the high inter- and intra-assay variability of commercially-obtained assays, causing difficulties for long-time patient observations, especially that various assays give different results \[[@B116-jcm-08-00640]\]. In effect, the application of immunoassays is not widely applied in clinical practice. On the other hand, they can be considered as attractive tools in small hospital-based laboratories and other institutions in which a low throughput means that a large capital outlay for instrumentation is not economically justified.

4.2. Electrochemical Sensors {#sec4dot2-jcm-08-00640}
----------------------------

Nowadays, electrochemical sensors are also available, designed for the recognition of BAs, which, due to their simple construction, low cost and high sensitivity, can be treated as a good alternative to traditional separation techniques. Additionally, these electrochemical sensors may be coupled to miniaturized and portable devices for specific applications in clinical and diagnostic fields. It should be noticed that electrochemical sensors are able to detect substances undergoing reduction or oxidization reactions. However, many compounds coexist in a living organism, including catecholamine metabolites, other BAs, uric acid (UA) and, especially, ascorbic acid (AA) and vitamin C, which also possess electrochemical properties. In consequence, the selectivity of BA determinations can be significantly decreased. Another critical problem of BA quantification is related with the passivation of the electrode surface because of the polymerization of the oxidation products of these substances. This also negatively influences selectivity and reproducibility (electrode poisoning or fouling). To overcome the difficulties mentioned above, many chemical modifications of the electrode surfaces were developed and reported, especially based on molecularly imprinted polymers (MIPs) \[[@B117-jcm-08-00640]\], which enable the electrode kinetics of the compounds of interest and/or the interfering species to change. Moreover, the treatment of the electrode surface to reduce the polymerization of oxidation products and inhibit electrode passivation was also introduced. For example, glass carbon electrodes (GCE) were modified with Nafion-cucurbit \[8\]uril (CB\[8\]) and PVC-CB\[8\] \[[@B118-jcm-08-00640]\], C-cundecylcalix\[4\]resorcinarene \[[@B119-jcm-08-00640]\], poly(5-hydroxytryptamine) \[[@B120-jcm-08-00640]\], electropolymerized bromothymol blue (BTB) \[[@B121-jcm-08-00640]\], poly(L-lysine)/graphene oxide \[[@B122-jcm-08-00640]\] and benzofuran derivative-functionalized multiwalled carbon nanotubes (MWCNT) and ionic liquid (IL) \[[@B123-jcm-08-00640]\] for the detection of 5-HT, NE and DA in human serum and urine samples, whereas graphene (GR) with a poly 4-amino-3-hydroxy1-naphthalenesulfonic acid modified screen-printed carbon sensor was used for the simultaneous quantification of DA and 5-HT in both human urine and blood samples and pharmacological formulations \[[@B124-jcm-08-00640]\]. The monitoring of E and NE in human blood plasma and urine samples by square wave voltammetry was also based on modified MWCNT with edge plane pyrolytic graphite electrodes (EPPGE) \[[@B125-jcm-08-00640]\]. Another approach for DA detection in serum was with an inkjet-printed Nafion/MWCNT sensor \[[@B126-jcm-08-00640]\] or a modified carbon paste electrode (CPE) using MWCNT-glycine \[[@B127-jcm-08-00640]\]. Additionally, the application of an incorporation of nanomaterials (nanoparticles (NPs), carbon nanotubes (CNTs), GR, among others) on sensor devices improved sensitivity, making easier the quantification of BAs at physiological levels. For example, an electrochemical sensor using MIP oxygen-containing polypyrrole (PPy) decorated CNT composites was applied in the quantification of DA in serum and urine samples \[[@B128-jcm-08-00640]\]. An electrochemical sensor based on modified GCE with cetyltrimethylammonium bromide (CTAB) assisted SnO~2~ NPs was developed for the simultaneous detection of E and NE in urine samples \[[@B129-jcm-08-00640]\], while GCE/MWCNT-metal oxide electrodes with nickel, zinc and iron oxide NPs were applied for 5-HT quantification in urine samples \[[@B130-jcm-08-00640]\]. Reduced graphene oxide (rGO)/polyaniline (PANI) nanocomposites and MIPs embedded with gold NPs (AuNPs) were also fabricated to obtain the sensitive and selective detection of 5-HT in serum samples \[[@B131-jcm-08-00640]\]. An interesting approach is also the modification of the electrode surface with enzymes like, for example quercetin, peroxidase enzyme and metal complexes, as well as by nucleic acids, especially DNA, which are able to recognize specific molecules. Biosensors allowed an increase in the selective detection of many analytes. For example, a DNA and GR bi-layer modified carbon ionic liquid electrode (CILE) was used for the detection of DA, in the presence of excess AA, in the injection solution and human urine samples \[[@B132-jcm-08-00640]\].

It should be noticed that dynamic progress in the development of new electrochemical sensors has recently been observed. This indicates that in the near future, biosensors, due to their short analysis time and the application of disposable transducers based on screen-printing technology produced with good reproducibility and low cost, will be commonly applied in many pharmaceutical and clinical studies. However, further progress in the development of biosensors with high selectivity and sensitivity, which will be able to reliably identify and precisely and accurately quantify analytes is still required.

5. Diagnostic Performance {#sec5-jcm-08-00640}
=========================

The key requisite to ensure the high quality of diagnostic performance of each laboratory test, including catecholamine-related biomarkers, is the precise and accurate determination of the analytes. So far, MS/MS based technologies, especially LC and UPLC, are considered as analytical tools guaranteeing the best identification and quantification. On the other hand, there are many other factors which can significantly influence the quality of diagnostic tests. One of them is the choice of the best available biomarkers in terms of their selectivity for the diagnosis of specific diseases. Another crucial parameter is the comparison of the obtained results with appropriately determined reference intervals, which should be adjusted to each population, for example hypertensive, normotensive, polymedicated and polymorbid patients \[[@B68-jcm-08-00640],[@B133-jcm-08-00640]\]. The use of adjusted reference intervals is particularly important for determinations in children \[[@B134-jcm-08-00640]\]. The problem with using reliable reference intervals was especially highlighted in respect to the application of immunoassay kit methods.

Moreover, a lot of pharmaco-physiological factors affecting the production or clearance of determined analytes such as drugs and diet or environmental sources, including also conditions of sampling and storage, can be crucial. For example, false-positive results of NM are commonly obtained when tricyclic and other antidepressants are also used by the patient. MAO inhibitors and several α-adrenoceptor agonists, including ephedrine, pseudoephedrine and phenylephrine, can also significantly increase the concentration levels of BAs and their metabolites in the body \[[@B135-jcm-08-00640]\]. For this reason, a thorough drug-history is mandatory for ensuring the correct interpretation of laboratory tests and in some cases, these drugs should also be withdrawn before testing \[[@B136-jcm-08-00640]\].

Another parameter which may cause changes in the levels of circulating and urinary catecholamine-related biomarkers is diet because numerous BAs belong to constituents existing in many foods. In effect, the consumption of catecholamine-rich foods like nuts, tomatoes, potatoes and beans, bananas and fruit juices as well as cheeses and red wine can substantially increase both urinary and plasma levels of these compounds \[[@B137-jcm-08-00640]\]. The same effect can be observed after the consumption of cocaine, amphetamines and alcoholic products, as well as after cigarette smoking \[[@B138-jcm-08-00640],[@B139-jcm-08-00640],[@B140-jcm-08-00640]\]. For this reason, samples for the determination of selected BAs should be collected after an overnight fast to avoid false-positive diagnostic results.

Other factors, such as exercise, stress and co-existing diseases can also result in physiological processes in the body which increase the plasma and urinary levels of BAs and their metabolites. Therefore, detailed instructions should be given to patients in terms of avoiding smoking, caffeinated and alcoholic beverages, catecholamine-rich foods and strenuous physical activity for at least about 8--12 h before sample collection. 24-h urine collection is especially restricted, so patients should obtain a detailed protocol to ensure the adequate collection.

False-negative results with BA determinations are mainly related to the inappropriate time of sample collection, which should be correlated to the periodical secretion of BAs by tumours \[[@B141-jcm-08-00640]\] or the incomplete collection of 24-h urinary specimens \[[@B142-jcm-08-00640]\]. As it was mentioned before many times, BAs belong to very unstable compounds, especially in neutral or basic urine. In order to avoid their degradation, the urine sample should be immediately acidified to a pH below 4.0 and protected from light.

All factors described above may essentially decrease the quality of diagnostic performance based on BA-related biomarkers despite the fact that the identification and quantification of the analytes is performed by precise and accurate analytical methods.

6. Clinical Importance of the Determination of BAs in Human Samples as Biomarkers of Different Diseases {#sec6-jcm-08-00640}
=======================================================================================================

6.1. BAs as Biomarkers of Oncological Diseases {#sec6dot1-jcm-08-00640}
----------------------------------------------

Neuroendocrine neoplasia represents a heterogeneous group of diseases and BAs or their metabolites could serve as diagnostic biomarkers \[[@B96-jcm-08-00640]\]. On one hand, neuroendocrine tumours (NETs) could be characterized by the excessive secretion of catecholamines, which can cause symptoms such as hypertension, sweating, tachycardia and palpitations. On the other hand, NETs---like carcinoid tumours---could also secrete indoleamines such as 5-HT, whose state is unmasked when symptoms such as flushing, diarrhoea, right-sided heart disease and bronchoconstriction appear. 5-HT and its main metabolite 5-HIAA, have been discussed as advantageous for measuring in blood (or platelet-poor or platelet-rich plasma) and 24-hour urine samples (5-HIAA), as biomarkers of carcinoid syndrome of midgut origin and in patients with metastatic NETs \[[@B72-jcm-08-00640],[@B143-jcm-08-00640]\]. In particular, 5-HT stored in platelets was proposed as the most sensitive marker for the detection of carcinoids. On the one hand, the accuracy and reproducibility of 5-HT assays have to be carefully investigated. The measurement of 5-HIAA in urine as well as serum and plasma can be used for the diagnosis and monitoring of patients with NETs where liver metastases and/or carcinoid syndrome occurred \[[@B144-jcm-08-00640]\]. Still, the measurement of 5-HIAA needs obedience to a restricted diet to avoid false-positive diagnoses of NETs \[[@B145-jcm-08-00640]\]. Moreover, during the analysis of a patient's data, the presence of carcinoid heart disease, especially for metastatic patients, might be determined as well, owing to the evaluation of the monoamine level in biological samples. Studies conducted by Dobson et al. confirmed the usefulness of the 5-HIAA plasma assessment for the diagnosis of carcinoid heart disease. Those studies also confirmed that a panel of biomarkers (such as: N-terminal pro Brain Natriuretic Peptide together with 5-HIAA) should be more preferably monitored for both the sensitive and specific diagnosis of carcinoid heart disease \[[@B146-jcm-08-00640]\]. Therefore, indoleamine biomarkers could only aid the diagnosis of tumours of neuroendocrine origin (carcinoid tumours especially mid-gut carcinoids but also other NET (pancreas or lung)) and it is preferable to consider the monitoring of multiple biomarkers at the same time \[[@B5-jcm-08-00640],[@B96-jcm-08-00640]\].

Patient data also confirmed the utility of the measurement of plasma catecholamines---E and NE. They are routinely determined for the diagnosis of catecholamine-secreting NETs or the monitoring of the tumour's progression. The measurements of E and NE were for a long time considered as the most appropriate biomarkers for several NET tumours. Nowadays, scientific data have indicated that preferably, metanephrines are a more precise type of biomarkers for the diagnosis of pheochromocytomas (PHE) and malignant pheochromocytomas and paragangliomas, which generally occur as benign tumours but there are few classifying systems that evaluate the risk of metastases in those neoplasms \[[@B5-jcm-08-00640],[@B50-jcm-08-00640],[@B53-jcm-08-00640],[@B55-jcm-08-00640],[@B68-jcm-08-00640],[@B147-jcm-08-00640]\]. Even though metanephrines are considered as "gold standards" for the diagnosis of pheochromocytomas, there are patients with PHE where it is strongly recommended to determine DA---another catecholamine from the L-Tyr metabolic pathway---in the patients' body fluids, since some tumours can secrete DA having normal E and NE levels at the same time \[[@B148-jcm-08-00640]\]. For PHE patients, there is no need to evaluate the levels of VMA and HVA in the urine since they lack sensitivity and specificity for those tumours. However, urine metabolites of catecholamines: VMA and HVA, might be routinely tested for the diagnosis and monitoring of NETs other than pheochromocytomas (especially neuroblastoma tumours (NBL)) \[[@B43-jcm-08-00640],[@B45-jcm-08-00640],[@B58-jcm-08-00640],[@B77-jcm-08-00640],[@B96-jcm-08-00640],[@B134-jcm-08-00640]\]. NBL is a heterogeneous disease and can arise anywhere along the sympathetic nervous system. These neural crest-derived tumours have notably different clinical behaviours. Therefore, the prognosis and treatment for NBL is highly dependent on molecular, genetic and pathological tests and biochemical biomarkers such as CATs could be of great importance to improve the diagnosis and surveillance studies. Over 92% of cases of NBL are accompanied by an increase in urinary HVA and/or VMA excretion and also DA \[[@B149-jcm-08-00640],[@B150-jcm-08-00640]\]. Low values of urinary VMA and of VMA/HVA ratios or high values of DA/VMA and of DA/HVA ratios, may be predictive of a poor prognosis in aggressive NBL \[[@B151-jcm-08-00640]\]. But also clinicians should be aware that urinary dopamine presented in urine samples is derived from both the renal extraction and decarboxylation of circulating 3,4-dihydroxyphenylalanine, brought by food. This is caused by the fact that NBLs overproduce E and DA and have high levels of tyrosine hydroxylase--which catalyses the initial and rate-limiting step in the biosynthesis pathway of catecholamines--but NBLs lack the storage granules for E and DA, which leads to the rapid metabolization of those BAs into VMA and HVA \[[@B152-jcm-08-00640]\]. The specificity of catecholamines determined in the NET patients' urine samples is excellent and approaches 100% in some papers, whereas it drops below 85% in other papers \[[@B153-jcm-08-00640]\]. Still, several countries implement, in their population-based screening programs, the screening of CATs in NET patients' urine samples. Preferably, 24-hour urine collection is taken into account but some scientific data demonstrated the high correlation between 24-h collections and random or "spot" urine samples, as well. Furthermore, catecholamine metabolites might be useful to verify if a patient suffers from NBL or Wilms' tumour, since both of them are frequent paediatric solid tumours, both localized in the upper abdominal quadrant \[[@B153-jcm-08-00640],[@B154-jcm-08-00640],[@B155-jcm-08-00640]\]. This discrimination between them could be difficult for clinicians. The addition of urinary free NM with either VMA or HVA significantly enhances the diagnostic sensitivity of the panel of biomarkers \[[@B84-jcm-08-00640]\]. NM, M, HVA, VMA and other catecholamine elevations were observed in neuroblastic tumours, including NBL, ganglioneuroblastoma and ganglioneuroma \[[@B156-jcm-08-00640]\]. Nevertheless, numerous medicines can interfere with urine catecholamine analysis risking a false-positive diagnosis, such as the usage of tricyclic antidepressants, which can cause false-positive M and NM results in both plasma and urine or L-DOPA therapy. In the latter therapy, scientific data revealed that the urinary excretion of DA and HVA is elevated in adult patients treated with L-DOPA for Parkinson's Disease, which could hinder the diagnosis of NBL. In such cases, it is more appropriate to determine a panel of biomarkers: M, NM, DA, HVA and VMA, instead of VMA/HVA alone \[[@B84-jcm-08-00640]\]. Conventionally, twenty-four hour (24-h) urine samples were used for the analysis of those metabolites but random urine was discussed as advantageous, as well \[[@B157-jcm-08-00640]\].

6.2. BAs as Potential Biomarkers of Cardiovascular Diseases {#sec6dot2-jcm-08-00640}
-----------------------------------------------------------

For many diseases of the central nervous system (CNS), such as depression, neurodegenerative diseases (Alzheimer's Disease (AD), Parkinson's Disease (PD)) and neurological diseases, a relationship between the level of neurotransmitters and the development and/or progression of the disease has been proven. In addition, the aging of the body contributes to the deepening of changes in the secretion of the most important BAs and hormones, which deepens changes and at the same time, has a significant impact on the development of other diseases, such as cardiovascular disease.

Researchers stress that depression as a heart disease factor in young people is more important than other traditional factors such as smoking, hypertension, obesity and diabetes. Many previous studies of depression and heart disease have affected older patients, who are usually burdened with more heart disease and are often affected by other diseases. Although there are few reports in the available literature regarding the assessment of the relationship between the level of selected neurotransmitters and cardiovascular diseases, a few studies confirm this relationship. For example, the results obtained by Hervet et al. suggest that stress situations result in a massive release of catecholamines, which can be examined after death by E and NE measurements in post-mortem serum, vitreous humor and urine, as well as in pericardial fluid and CSF \[[@B158-jcm-08-00640]\]. Increased serum concentrations of both E and NE have been reported in myocardial infarction deaths \[[@B159-jcm-08-00640]\]. Bessonova et al. showed that high E levels can be caused by high stress and pheochromocytoma of the adrenal gland and are often associated with hypertension and heart disease \[[@B160-jcm-08-00640]\].

Many authors argue that NE increases blood pressure and blood glucose levels, as the hormone, circulating freely in the blood, narrows the peripheral vessels, while at the same time expanding coronary vessels in the heart \[[@B10-jcm-08-00640],[@B161-jcm-08-00640],[@B162-jcm-08-00640]\]. NE is also suspected of playing a role in the development of post-traumatic stress disorder (PTSD) \[[@B163-jcm-08-00640]\].

DA at higher concentrations is also associated with β-adrenergic receptors, accelerating cardiac output and increasing the ejection volume, as well as α-adrenergics, the stimulation of which causes vasoconstriction and increases resistance in peripheral vessels \[[@B161-jcm-08-00640],[@B164-jcm-08-00640]\]. In turn, a study conducted by Zhang et al. concerned the DA levels in plasma samples from neonates suffering from hypotension \[[@B54-jcm-08-00640]\]. Hypotension is common in preterm infants. It very often results in serious problems, including cardiovascular compromise, some neurodevelopmental sequelae and an increased incidence of mortality. However, according to the authors, the causes of neonatal hypotension still remain unclear. It is known that DA plays a significant role in maintaining cardiovascular homeostasis and is the most frequently prescribed medication for neonatal hypotension because of its inotropic and vasoconstrictive actions. For this reason, it is important to measure baseline and therapeutic DA levels for the diagnosis and treatment of hypotension in preterm infants.

The level of DHPG in plasma and the ratio of NE to DHPG concentrations are markedly increased in patients with heart failure and patients with pheochromocytoma. In healthy people, the level of both free DHPG and bound DHPG increases markedly with age. Therapeutic use of (S) -DHPG is possible to maintain the normal blood pressure and heart rate during anaphylactic shock and to treat memory disorders associated with ischemia and hypoxia \[[@B165-jcm-08-00640]\]. It was also confirmed that in patients with known hypertension, the urinary VMA concentrations were more than 7 times higher, while in patients with pheochromocytoma of the adrenal glands, they were determined to be over 35 times higher than in healthy people. Among patients with depression, the level of the urinary excretion of VMA significantly correlates with plasma cortisol with respect to the administered dexamethasone \[[@B166-jcm-08-00640]\].

The determination of NM in the urine is useful in the diagnosis of hypertension \[[@B167-jcm-08-00640]\], whereas the determination of free M levels in the serum is the best tool for diagnosing pheochromocytoma of the adrenal medulla and other neuroendocrine tumours, especially inherited forms and helps in the diagnosis of hypertension \[[@B168-jcm-08-00640]\].

6.3. BAs as Potential Biomarkers of Neurodegenerative and Psychiatric Diseases {#sec6dot3-jcm-08-00640}
------------------------------------------------------------------------------

Numerous associations between the levels of selected BAs in human biological fluids and disease states, including neurodegenerative and psychiatric diseases, have been documented in the scientific literature and can provide valuable information as part of a comprehensive health assessment. BA concentrations in real human samples can vary considerably over the course of a day. Moreover, as it was earlier mentioned, high blood BA levels can be induced both from environmental or physiological stress, such as low blood glucose levels, work stress, exercise, sleep deprivation, as well as high levels of noise. Likewise, their fluctuating concentrations are also affected by the diurnal cycle, with most catecholamine levels dropping during sleep but rising significantly after waking up \[[@B169-jcm-08-00640]\].

BAs can be implicated in several affective behaviours, such as euphoria, depression and anxiety. These responses provide certain important biological functions and can become disordered in such a manner to constitute an illness, generally referred to as mood disorders. The intensification of the serotonergic and noradrenergic tone in the brain is commonly associated with depression, resulting in a lack of the behavioural effects of euphoria and pleasure. In patients with this disorder, low circulating levels of catecholamines, especially 5-HT, have been identified. The dysregulation of 5-HT systems has been implicated in depression, anxiety disorders and schizophrenia \[[@B170-jcm-08-00640]\]. Other neuromodulator transmitters also play a major role in theories of psychiatric diseases, such as acetylcholine for schizophrenia \[[@B171-jcm-08-00640]\], DA, NE and 5-HT for attention-deficit/hyperactivity disorder (ADHD) \[[@B172-jcm-08-00640],[@B173-jcm-08-00640]\]. Moriarty et al. \[[@B62-jcm-08-00640]\] determined the levels of 5-HT, 5-HIAA and DA in urine samples from a control group and children diagnosed with ADHD, to evaluate their usefulness as potential markers for diagnosis and for monitoring the efficacy of treatment. The obtained results confirmed that only 5-HIAA levels were significantly different in the patients with ADHD compared to the control population. However, extended studies including larger groups of patients and controls are required for checking the reliability of the application of 5-HIAA as a biomarker of ADHD.

Moreover, relatively high levels of monoamine transmission, especially DA and 5-HT, can be a characteristic of psychosis, which can also occur as a long-term side effect of several stimulatory psychotropic drugs \[[@B174-jcm-08-00640]\]. Anxiety disorders and schizophrenia are also strongly associated with altered concentrations of BAs in biological fluids. The underlying biochemistry of the major neuropsychiatric disorders is often not completely understood and the therapeutic effects of antidepressants and antipsychotics have mostly provided valuable information about the neurochemical functions of BAs in these disorders. In fact, 5-HT alone is administered as an antidepressant in some cases of depression \[[@B175-jcm-08-00640]\].

Neurodegenerative diseases also result in either an excess or deficit in monoamine availability. Among them, most notable are PD, AD and Huntington's Disease (APHD) \[[@B176-jcm-08-00640]\]. Clinical studies of the urinary excretion of catecholamines in patients with PD were conducted by Guimaraes et al. \[[@B177-jcm-08-00640]\]. In this study, the determination of monoamine levels and of the DA/L-DOPA ratio, as an indirect measure of DA synthesis, the DOPAC/DA ratio, as an index of central and peripheral DA metabolism and the 3-MT/DA ratio, as an index of the central DA metabolism, was carried out in order to define a profile for the dopaminergic system. PD is characterized by the loss of dopaminergic neurons in the substantia nigra, which leads to decreased levels of DA in the striatum and disrupted motor control. In turn, AD is a chronic progression characterized by loss of memory and cognitive deficits such as agnosia, aphasia and apraxia, among others, facts that cause interference in daily life and in the individual's work. Subsequent studies have shown that abnormal NE concentrations are associated with stress, anxiety, depression, AD and PD \[[@B178-jcm-08-00640]\].

Of note, it should be kept in mind that some psychiatric diseases may also be associated with a modified 5-HT metabolism. For instance, some autistic subjects display mildly increased 5-HIAA excretion. In psychotic depressed subjects, 5-HIAA excretion was linked to insomnia. Various studies of patients with depression reported differences in 5-HIAA concentrations in CSF although they did not report urinary 5-HIAA levels; however, its concentrations in CSF, serum or urine samples are not modified by schizophrenia \[[@B179-jcm-08-00640]\].

6.4. BAs as Potential Biomarkers of Endocrinal, Autoimmunological and Other Diseases {#sec6dot4-jcm-08-00640}
------------------------------------------------------------------------------------

Since catecholamines such as E and NE could play an important role in the endocrine system, their determination in the sera samples of Hashimoto's patients was carried out. It was revealed that serum catecholamine levels statistically differed in Hashimoto's thyroiditis patients when compared to healthy subjects. Further case studies revealed that plasma levels of HVA and MHPG could be possible biomarkers for psychotic symptoms among patients diagnosed with Hashimoto's encephalopathy (HE) (which is believed to be an immune-mediated disorder associated with Hashimoto's thyroiditis) \[[@B180-jcm-08-00640]\]. A study conducted by Pilotto et al. in 2019 presented strong evidence that BA deficits correlate with specific brain atrophy patterns in adults diagnosed with phenylketonuria and that the serotonergic axis is more endangered by high phenylalanine concentrations than the dopaminergic axis but both 5-HT and DA deficits are common and more heterogeneous in phenylketonuria patients than it was assumed in previous research \[[@B181-jcm-08-00640]\]. Vitiligo is a common pigmentary disorder with complex pathogenesis where biochemical and immunological factors were proposed as important. A study conducted by Basnet et al. \[[@B182-jcm-08-00640]\] suggested that for a better selection of patients for melanocyte transfer, the determination of DA in the 24-h urine collection could be helpful. However, the authors were encouraged to investigate further for the explanation and mechanism underlying disturbances in the levels of plasma and urinary monomines or their metabolites in patients with vitiligo.

In the literature, there are also data indicating that specific BAs can be used as biomarkers for the diagnosis and therapy of addiction illnesses \[[@B183-jcm-08-00640]\]. Saracino et al. \[[@B71-jcm-08-00640]\] measured endogenous levels of E, NE and DA in DPSs and DUSs samples from healthy volunteers, psychiatric patients and poly-drug (e.g., cannabis, ketamine, cocaine) abusers. The concentration levels of all analytes were higher in poly-drug abusers than healthy volunteers, especially for DA. Unfortunately, no evaluation on whether these differences were statistically significant was reported.

Marcos et al. \[[@B7-jcm-08-00640]\] measured urinary levels of 5-HT and 5-HIAA in spot urine samples from three patients from a family with Brunner syndrome. It is a rare X-linked genetic disorder caused by a mutation in the MAO-A gene, which leads to an excess of monoamines in the brain. The authors compared the obtained results for the three patients to spot urine samples collected from a control group. The data confirmed the accumulation of 5-HT in all three patients, which gave an abnormally high ratio of 5-HT in respect to its precursor (L-Tryp). However, too low a conversion of 5-HT to 5-HIAA also led to an abnormal 5-HT/5-HIAA ratio. The disturbance of the VMA, HVA and 5-HIAA and serotonin metabolisms, which were two times or higher for 5-HT and NM, respectively, as well as higher for other catecholamine metabolites in blood and urine from these patients, was also confirmed. These experimental data were correctly correlated to the metabolic abnormality of the X-linked genotype.

L-Tryp is an important biogenic acid whose catabolism in mammalians is mainly based on three pathways: the kynurenine and serotonin pathways, as well as bacterial degradation ([Figure 1](#jcm-08-00640-f001){ref-type="fig"}). As it was mentioned, most of the produced catabolites are biologically active and take part in the pathogenesis of many disease processes. For example, the kynurenine pathway plays an important role in renal physiology. It was confirmed that the blood level of L-Tryp is decreased while KYN is increased in patients with chronic kidney disease (CKD). Therefore, the quantification of L-Tryp and KYN levels in blood could be used as early biomarkers for CKD patients \[[@B184-jcm-08-00640]\]. On the other hand, the ratio of KYN/L-Tryp is considered as a more sensitive indicator of renal function than KYN or L-Tryp alone because two parameters changing in opposite directions are measured in pathological conditions \[[@B185-jcm-08-00640]\]. To evaluate renal function in hypertensive patients, with non-CKD and CKD groups, the levels of L-Tryp, KYN and uric acid (UA) as well as creatinine (Cr), being the most important indicator for the determination of the estimated glomerular filtration rate (eGFR), were measured \[[@B32-jcm-08-00640]\]. The obtained data confirmed significantly higher levels of Cr and UA in patients with CKD than in non-CKD. The patients with CKD also had significantly lower concentrations of L-Tryp and KYN, whereas KYN/L-Tryp was significantly higher in CKD than in non-CKD patients. It confirms that the determination of L-Tryp and its selected metabolites, like KNY and UA, can be treated as a useful tool for the detection of chronic kidney disease, even at an early stage.

7. Conclusions {#sec7-jcm-08-00640}
==============

Biogenic amines play an important role throughout the body, both in the central nervous system and in the periphery. In effect, the disturbance of their metabolism or action may result in devastating effects on the homeostasis of the human body. On the other hand, the identification and quantification of the changed BA profiles in the human body may be considered as reliable biomarkers of many disorders, such as neuroendocrine tumours, schizophrenia and Alzheimer's and Parkinson's diseases. On the other hand, the determination of BA profiles, in terms of improving diagnostics and monitoring the therapy of various diseases, is a demanding task because many factors can influence false-positive or false-negative results. Therefore, diet, interactions with co-existent drugs, the health status of the patient, stress, physical exercise, sample collection and storage and reference intervals should be taken into account. Moreover, the qualification and quantification of the compounds of interest in complex biological matrices should be performed using a reliable, sensitive and selective analytical method. For years, different separation techniques like conventional HPLC, LC-MS(MS), UPLC-MS(MS), GC and CE, as well as non-separation approaches based on immunoassays and electrochemical sensors, have been developed for the precise and accurate determination of BA profiles in different human samples. However, each of these techniques has both advantages and disadvantages which should be critically evaluated by analysts with respect to the main purpose of the conducted research. The literature data published since 2010 have clearly indicated that LC-based MS techniques have a predominant position in BA investigations due to high selectivity and sensitivity. Moreover, UPLC-MS(MS), offering the effective separation of analytes in a shorter analysis time in respect to LC and CE methods, supported by new preconcentration techniques, strengthened its position in pharmaceutical and clinical laboratories. In many studies, the need for the simultaneous detection of many BAs in complex biological matrices at very low concentration levels requires the application of effective sample pre-treatment, including extraction and/or derivatizing protocols. In this field, we have systematically observed progress in the development of new sample preparation procedures and chromatographic/electrophoretic methodologies in order to guarantee simple, fast and robust detection and quantification of BAs in human samples. In the near future, electrochemical sensors, because of low cost, simplicity and high throughput, will probably play an important role in BA level diagnosis, although further development and validation is still required in order to enhance their capabilities for effective application in clinical diagnostic laboratories. Moreover, the number of publications reporting the determination of BAs as biomarkers of various diseases have systematically increased, which has allowed a deeper understanding of the physiological and pathological mechanisms of BAs to increase the effectiveness of oncological, endocrinal, cardiac or neurodegenerative therapies.
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![The distribution of the publications describing the methods for the quantification of biogenic amines (BAs) in various matrices.](jcm-08-00640-g003){#jcm-08-00640-f003}

![Overall analytical procedure for the analysis of biogenic amines and their acidic metabolites in urine by GC/MS in selective ion monitoring (SIM) mode. Figure adopted from reference \[[@B66-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g004){#jcm-08-00640-f004}

![Chromatogram obtained from urine sample with PFOEI derivatization using fluorous LC separation. LC conditions: Column Fluofix-II 120E column (250 mm x 4.6 mm i.d.): mobile phase, acetonitrile-water-trifluoroacetic acid (60:40:0.05, *v*/*v*): flow rate, 1.0 mL/min: column temperature, 30 °C. Peaks and concentrations (nmol/mL urine): 1, DOPA (6.4): 2, NE (4.3): 3, 5-HTrp (1.6): 4, E (1.7): 5, DA (5.2): 6, 5-HT (2.6): 7, MN (3.4),: 8, Trp (26). Figure adopted from reference \[[@B37-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g005){#jcm-08-00640-f005}

![Chromatograms of (**a**) standard solution: (**b**) blank DPS: (**c**) blank DUS. The on-column concentrations were 5 ng/mL for NE, E and DA: 2.5 ng/mL for IS. Figure adopted from reference \[[@B71-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g006){#jcm-08-00640-f006}

![Representative LC-MS/MS chromatograms obtained while the monitoring of endogenous E and NE in the commercial healthy human plasma was carried out. (**A1**) 26.6 pg/mL of basal level of E in an individual human plasma, (**A2**) E-d6 (IS1), (**B1**) 80.8 pg/mL of basal level of NE in an individual human plasma. (**B2**) NE-d6 (IS2) and (**C**) the endogenous level of E and NE in 10 individual healthy human plasma samples. Figure adopted from reference \[[@B52-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g007){#jcm-08-00640-f007}

![Chromatograms of dopamine and norepinephrine in a plasma sample. Figure adopted from reference \[[@B54-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g008){#jcm-08-00640-f008}

![SPME-GC-QqQ-MS (SRM acquisition mode) chromatogram of a real urine sample from an healthy individual (retention times: 16.80 DA: 16.80 DA-d3; 18.39 5-HT: 18.36 5-HT-d4: 19.19 NE: 19.17 ME-d6). Figure adopted from reference \[[@B74-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g009){#jcm-08-00640-f009}

![Evaluation of analyte zone in the separation and stacking of neurochemicals. (**A**) Filling of capillary with 500 mM TB (pH 9) containing different concentration of glycerol; (**B**) injection of a large volume of analytes solution; (**C**) stacking of twelve analytes by glycerol and PEO; (**D**) separation of the stacking cationic and anionic neurochemicals by glycerol and PEO. The µ~EOF~ and µ~EP~ present the EOF mobility and the electrophoretic mobilities of cationic and anionic neurochemicals, respectively. Scheme adopted from reference \[[@B98-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g010){#jcm-08-00640-f010}

![Signal enhancement of the multiple concentration: (**A**) signal intensity without concentration. The running buffer was 90 mM borate solution at pH 9.4 and the sample was diluted with the running buffer solution. The sample injection time was 2 s. (**B**) Signal intensity with FASS. The sample was prepared in a 10-fold diluted running buffer and the sample injection time was 2 s. (**C**) Signal intensity with a combination of FASS and reversed--filed stacking. The sample injection time was 10 s and the reversed polarity time was 8 s. The concentrations of 5-HT, DA and NE in (**A**) were 0.4, 0.6 and 0.7 µM, respectively. The sample concentrations in (**B**) and (**C**) were 1/10 of that in (**A**). Peak identification: 1, the excess of Cy5; 2, 5-HT; 3, DA; and 4, NE. Figure adopted from reference \[[@B99-jcm-08-00640]\] with the copyright permission.](jcm-08-00640-g011){#jcm-08-00640-f011}
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###### 

Classification of selected BAs on the basis on physicochemical parameters.

  ----------------------------------------------------------------------------------------------------------------------------
  Analyte                      Chemical Structure           pKa Values   Log P (Experimental)   Water Solubility   
  ---------------------------- ---------------------------- ------------ ---------------------- ------------------ -----------
  BAs of an alkaline nature                                                                                        

  DA                           ![](jcm-08-00640-i001.jpg)   9.27\        −0.98 E                535 ng/mL          7.43 g/L
                                                            10.01                                                  

  E                            ![](jcm-08-00640-i002.jpg)   8.91\        −1.37                  0.18 mg/mL         18.6 g/L
                                                            9.69                                                   

  NE                           ![](jcm-08-00640-i003.jpg)   8.85\        −1.24 E\               849 mg/mL          12.5 g/L
                                                            9.5          −1.4                                      

  L-Tryp                       ![](jcm-08-00640-i004.jpg)   2.54\        −1.06                  13.4 mg/mL         1.36 g/L
                                                            9.4                                                    

  L-Tyr                        ![](jcm-08-00640-i005.jpg)   2\           −2.26                  0.48 mg/mL         7.67 g/L
                                                            9.19                                                   

  Zwitterion BAs                                                                                                   

  5-HT                         ![](jcm-08-00640-i006.jpg)   9.31\        0.21                   25.5 mg/mL         2.5 g/L
                                                            10                                                     

  L-DOPA                       ![](jcm-08-00640-i007.jpg)   1.65\        −2.39                  5 mg/mL            3.3 g/L
                                                            9.06                                                   

  DHPG                         ![](jcm-08-00640-i008.jpg)   −3\          −1.01                  \-\--              16.7 g/L
                                                            9.21                                                   

  MHPG                         ![](jcm-08-00640-i009.jpg)   −3\          −0.13                  \-\--              8.99 g/L
                                                            9.91                                                   

  NM                           ![](jcm-08-00640-i010.jpg)   9.06\        −1.05                  \-\--              8.44 g/L
                                                            9.99                                                   

  M                            ![](jcm-08-00640-i011.jpg)   9.25\        0.4                    \-\--              13 g/L
                                                            10.05                                                  

  BAs with the acidic nature                                                                                       

  VMA                          ![](jcm-08-00640-i012.jpg)   −4.1\        0.43\                  \-\--              5.16 g/L
                                                            3.11         0.94                                      

  HVA                          ![](jcm-08-00640-i013.jpg)   −2.2\        −0.75\                 \-\--              1.34 g/L\
                                                            −4.9         0.67                                      sulphate

  DOPAC                        ![](jcm-08-00640-i014.jpg)   −6.3\        0.98                   4 mg/mL            7.23 g/L
                                                            3.61                                                   
  ----------------------------------------------------------------------------------------------------------------------------

jcm-08-00640-t002_Table 2

###### 

LC methods for the separation of selected BAs in human specimens published since 2010.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Analytes                                                                Human Sample/Volume                    Sample Preparation                                                                        LC Conditions                                                                                 Validation                                                                                                                      Internal Standard (IS);\                    Ref.                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                         Analysis Time /Time with Equilibration                                                                                                                                                                                                                                                      
  ----------------------------------------------------------------------- -------------------------------------- ----------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------- -------------------------------------------------------------------------- ------------------------------------------------------------------------- --------------------------------------------- -------------------------------------------- -------------------------
  NE, 5-HT,\                                                              CSF                                    Derivatization with benzylamine and DPE, except of HVA                                    For HVA:\                                                                                     Isocratic elution:\                                                                                                             HPLC-FD (λ~ex/em~) For HVA:\                LOD: 50 pmol/L\                                                            n.d.                                                                      n.d.                                          n.d.\                                        \[[@B3-jcm-08-00640]\]
  5-HIAA, DA, DOPAC, HVA                                                                                                                                                                                   Atlantis C18 column (2.1 × 50 mm, 3 µm)\                                                      For HVA:\                                                                                                                       275/345 nm,\                                LOQ: n.d.                                                                                                                                                                                          HVA--10 min, other analytes: 8 min           
                                                                                                                                                                                                           Other analytes:\                                                                              75 mmol/L NaAc buffer, pH 5.0\                                                                                                  Others:\                                                                                                                                                                                                                                                                                    
                                                                                                                                                                                                           Acquity UPLC\                                                                                 Other analytes:\                                                                                                                345/480 nm                                                                                                                                                                                                                                                                                  
                                                                                                                                                                                                           BEH Shield C18 column (2.1 × 100 mm, 1.7 µm)                                                  15 mmol/L acetate buffer (pH 4.5) in ACN with 1 mmol/L octanesulfonic acid sodium salt                                                                                                                                                                                                                                                                                                                                      

  L-Tryp and 8 of its metabolites, DA, HVA and others                     Urine\                                 Urine: Dilution with water Plasma: Deproteinization with ACN                              Acquity BEHC18 column (2.1 × 100 mm, 1.7 µm)                                                  Gradient elution:\                                                                                                              LC-MS/MS                                    Urine:\                                                                    Urine:\                                                                   n.d.                                          The deuterated ISs; 9.5/12.0 min             \[[@B7-jcm-08-00640]\]
                                                                          100 μL\                                                                                                                                                                                                                        A: 0.01% FA in wate\                                                                                                                                                        LOD: 1--100 ng/mL\                                                         From 10 to 25000 ng/mL\                                                                                                                                              
                                                                          Plasma\                                                                                                                                                                                                                        B: 0.01% FA/1 mM AF in water\                                                                                                                                               LOQ: 5--1000 ng/mL\                                                        Plasma:\                                                                                                                                                             
                                                                          150 μL                                                                                                                                                                                                                         B: 0.01% FA/1 mM AF in MeOH                                                                                                                                                 Plasma:\                                                                   From 2 to 30000 ng/mL                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     LOD: 1--100 ng/mL\                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     LOQ: 2--1000 ng/mL                                                                                                                                                                                                                              

  5-HT, NE, E, 5-HIAA, M, NM                                              CSF\                                   SPE-STRATA CW Derivatization by reductive diethylation                                    Synergi-Fusion-RP\                                                                            Gradient elution:\                                                                                                              LC-MS/MS                                    In CSF:\                                                                   In CSF and plasma:\                                                       n.d.                                          The deuterated ISs; 3.6/4.0 min              \[[@B16-jcm-08-00640]\]
                                                                          800 μL\                                                                                                                          C18 column (5.0 × 150 mm, 4 µm)                                                               A: 0.2% FA in 10 mM AF, pH 3.5\                                                                                                                                             LOD: n.d\                                                                  From 0.012 to 140 ng/mL                                                                                                                                              
                                                                          plasma\                                                                                                                                                                                                                        B: 0.1% FA in ACN                                                                                                                                                           LOQ: 0.012 ng/mL\                                                                                                                                                                                                                               
                                                                          400 μL                                                                                                                                                                                                                                                                                                                                                                                                     In plasma:\                                                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     LOD: n.d.\                                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     LOQ: 0.018 ng/mL\                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     for all analytes except of 5-HT--12 ng/mL                                                                                                                                                                                                       

  7 Analytes including\                                                   Urine\                                 Dilution with solvent A of the mobile phase                                               ZORBAX Eclipse Plus C18 Rapid Resolution column (4.6 × 100 mm, n.d.)                          Gradient elution:\                                                                                                              HPLC-DAD\                                   LOD: n.d.\                                                                 45--1000 mg/L                                                             n.d                                           External method;\                            \[[@B22-jcm-08-00640]\]
  HVA                                                                     50 μL                                                                                                                                                                                                                          A: 50 mM AF and 5 mM octanesulfonic acid in 99% water and 1% MeOH, pH 6.55\                                                     233 nm                                      LOQ: 45 mg/mL for HVA                                                                                                                                                                              16.5/25 min                                  
                                                                                                                                                                                                                                                                                                         B: 50 mM AF and 5 mM octanesulfonic acid in 100% MeOH, pH 6.55                                                                                                                                                                                                                                                                                                                                                              

  5-HIAA                                                                  Urine\                                 Automated procedure: centrifugation and injection into LC                                 Kinetex XB-C18 column (2.1 × 50 mm, 1.7 μm)                                                   Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d.\                                                                 0.5-100 mg/L                                                              n.d.                                          The deuterated ISs;\                         \[[@B23-jcm-08-00640]\]
                                                                          50 μL                                                                                                                                                                                                                          A: 0.05% FA in water\                                                                                                                                                       LOQ: 0.5 mg/L                                                                                                                                                                                      2.5/3.0 min                                  
                                                                                                                                                                                                                                                                                                         B: 0.05% FA in MeOH                                                                                                                                                                                                                                                                                                                                                                                                         

  L-Tryp and 3 of its metabolites, Cr                                     Urine\                                 Centrifugation and dilution with water                                                    Agilent HC-C18 (2) column (4.6 × 250 mm, 5 µm)                                                Gradient elution:\                                                                                                              HPLC-FD (λ~ex/em~) 295/340 nm               LOD: 0.02 µmol/L for L-Tryp,\                                              10-100 µmol/L for L-Tryp\                                                 96.1--105.2                                   External method;\                            \[[@B24-jcm-08-00640]\]
                                                                          200 μL                                                                                                                                                                                                                         A: 20 mmol/L NaAc, 30 mmol/L HAc and 3% MeOH\                                                                                                                               0.01 µmol/L for 5-HIAA\                                                    5-50 µmol/L for 5-HIAA                                                                                                  25/30 min                                    
                                                                                                                                                                                                                                                                                                         B: 20 mmol/L NaAc/HAc, 10% MOH and 10% ACN                                                                                                                                  LOQ: 10 µmol/L for L-Tryp, 5 µmol/L for 5-HIAA                                                                                                                                                                                                  

  DA, NE, E, 5-HT, L-Tyr, L-Tryp, DOPAC, HVA                              Plasma\                                DLLME with dichloromethane/ethanol as extraction/disperser solvent                        XBridge Amide™ BEH column (3.0 × 100 mm, 3.5 µm)                                              Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 3 and 10 ng/mL\                                                       10--500 and\                                                              76.4--99.3                                    Norvaline;\                                  \[[@B25-jcm-08-00640]\]
                                                                          250 μL                                                                                                                                                                                                                         A: 10 mM AF in water, pH 3.0\                                                                                                                                               LOQ: 10 and 30 ng/mL                                                       30--500 ng/mL                                                                                                           12.0/20.0 min                                
                                                                                                                                                                                                                                                                                                         B: 10 mM AF in ACN                                                                                                                                                                                                                                                                                                                                                                                                          

  5-HIAA                                                                  Plasma\                                Deproteinization with ACN                                                                 SIELC Primesep B mixed-mode column (3.2 × 50 mm, 5 µm)                                        Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 5 nmol/L\                                                             15--10000 nmol/L                                                          97--113                                       The deuterated IS; 3.0/7.9 min               \[[@B26-jcm-08-00640]\]
                                                                          50 μL                                                                                                                                                                                                                          A: 0.1% FA/10 mmol/L AA in water\                                                                                                                                           LOQ: 15 nmol/L                                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                         B: 0.1% FA/2 mmol/L AA in MeOH                                                                                                                                                                                                                                                                                                                                                                                              

  DA, DOPAC, HVA, NE, VMA\                                                Plasma\                                Deproteinization with ice-cold ACN;\                                                      Phenomenex Gemini C18 column (2 × 150 mm, 3 µm)                                               Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d.\                                                                 From 0.8 to up 326 pmol/mL                                                n.d.                                          L-aspartic acid-15N (L-Asp-15N); 23/27 min   \[[@B27-jcm-08-00640]\]
  MHPG, 5-HT, 5-HIAA and others                                           0.3 mL                                 Derivatization with dansyl chloride                                                                                                                                                     A: 20 mM AA and 0.1% FA in water\                                                                                                                                           LOQ: 0.27--1.62 pmol/mL                                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                         B: ACN                                                                                                                                                                                                                                                                                                                                                                                                                      

  E, NE                                                                   Plasma\                                Fully automated deproteinization with ACN\                                                ACQUITY UPLCTM BEH phenyl column (2.1 × 100 mm, 1.7 µm)                                       Gradient elution:\                                                                                                              UPLC-MS/MS                                  LOD: 0.02 ng/mL\                                                           0.05--25.0 ng/mL for E and NE                                             n.d.                                          The deuterated ISs;\                         \[[@B28-jcm-08-00640]\]
                                                                          25 μL                                  and reductive ethylation using 96-well plate                                                                                                                                            A: 0.2% FA/20 mM AA in water\                                                                                                                                               LOQ: 0.05 ng/mL                                                                                                                                                                                    3.0/3.5 min                                  
                                                                                                                                                                                                                                                                                                         B: MeOH                                                                                                                                                                                                                                                                                                                                                                                                                     

  VMA, HVA, HMPG sulphate                                                 Urine and serum\                       Urine: Dilution with water Serum: Dilution with water and deproteinization with ACN       Waters Xbridge C18 column (2.1 × 150 mm, n.d.)                                                Isocratic elution:\                                                                                                             LC-MS/MS                                    LOD: 0.2 ng/mL for VMA, 0.7 ng/mL for HVA LOQ: 1 ng/mL for both analytes   1--1000 ng/mL                                                             90.6--101.6                                   The external method;\                        \[[@B29-jcm-08-00640]\]
                                                                          500 μL                                                                                                                                                                                                                         2 mM AF in ACN: 0.05% FA in water (15:85, *v*/*v*)                                                                                                                                                                                                                                                                                                                             5.5 min                                      

  L-Tryp and 8 of its metabolites                                         Plasma 190 μL                          Deproteinization with MeOH containing zinc sulphate and 0.05% TCA                         Kinetex C18 column (2.1 × 100 mm, 5 µm)                                                       Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 2 nmol/L for 5-HT, 83 nmol/L for L-Tryp\                              4-600 nmol/L for 5HT, 139--400 μmol/L for L-Tryp                          37--104                                       The deuterated ISs; 10.0/15.0 min            \[[@B30-jcm-08-00640]\]
                                                                                                                                                                                                                                                                                                         A: 0.1% FA in water\                                                                                                                                                        LOQ: 4 nmol/L for 5-HT, 139 nmol/L for L-Tryp                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                         B: 0.1% FA in ACN                                                                                                                                                                                                                                                                                                                                                                                                           

  L-Tryp and 18 of its metabolites, including 5-HT and 5-HIAA             Serum and cell culture supernatants\   Serum and CCS: Dilution with 0.1% FA and deproteinization with MeOH\                      An Atlantis T3 RP column (2.1 × 150 mm, 3 μm)                                                 Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.1--50 nM\                                                           1--20 μM for the majority of analytes and up to 200 μM for L-Tryp         60--130                                       The deuterated ISs; 12.0/15.0 min            \[[@B31-jcm-08-00640]\]
                                                                          50 μL\                                 Urine: Dilution with 0.1% FA and centrifugation                                                                                                                                         A: 0.1% FA in water\                                                                                                                                                        LOQ: 0.5--100 nM                                                                                                                                                                                                                                
                                                                          Urine\                                                                                                                                                                                                                         B: 0.1% FA in ACN                                                                                                                                                                                                                                                                                                                                                                                                           
                                                                          10 μL                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  L-Tryp and others                                                       Plasma\                                Deproteinization with 0.6 M perchloric acid                                               Agilent HC-C18 (2) column (4.6 × 250 mm, 5 μm)                                                Gradient elution:\                                                                                                              HPLC-UV\                                    LOD: 1 μmol/ L for L-Tryp\                                                 10--140 μmol/L\                                                           92.6 for L-Tryp                               External method\                             \[[@B32-jcm-08-00640]\]
                                                                          100 μL                                                                                                                                                                                                                         A: 20 mmol/L NaAc, 30 mmol/L HAc and 30 mL/L ACN\                                                                               280 nm for Tryp                             LOQ: 3.3 μmol/L for L-Tryp                                                 for L-Tryp                                                                                                              15.0/25.0 min                                
                                                                                                                                                                                                                                                                                                         B: 20 mmol/L NaAc,\                                                                                                                                                                                                                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                         30 mmol/L HAc, 100 mL/L ACN                                                                                                                                                                                                                                                                                                                                                                                                 

  VMA                                                                     Urine\                                 Centrifugation                                                                            Luna PFP column (2.0 × 100 mm, 3 µm)                                                          Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.025 µmol/L\                                                         1.0--250.0 µmol/L                                                         85--101                                       d3-VMA;\                                     \[[@B34-jcm-08-00640]\]
                                                                          1 mL/50 μL for further analysis                                                                                                                                                                                                A: water\                                                                                                                                                                   LOQ: 0.125 µmol/L                                                                                                                                                                                  2.0/4.0 min                                  
                                                                                                                                                                                                                                                                                                         B: MeOH                                                                                                                                                                                                                                                                                                                                                                                                                     

  DA, E, NE, M and MN, L-Tyr                                              Serum\                                 Evaporation and derivatization with PITC                                                  Zorbax Eclipse XDB C18 column (3.0 × 100 mm, 3.5 µm)                                          Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.00444--0.118 nM\                                                    From 0.025 to up 100 nM                                                   93.2--113                                     The deuterated ISs;7.0/9.5 min               \[[@B35-jcm-08-00640]\]
                                                                          25 µL                                                                                                                                                                                                                          A: 0.2% FA in water\                                                                                                                                                        LOQ: 0.0148--0.393 nM                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                         B: 0.2% FA in ACN                                                                                                                                                                                                                                                                                                                                                                                                           

  L-DOPA, DA, NE, E, M, L-Tryp, 5-HTryp, 5-HT                             Urine\                                 Configuration, filtration and derivatization with PFOEI                                   Fluofix-II 120E column (4.6 × 250 mm, 5 µm)\                                                  Gradient elution:\                                                                                                              LC-FL\                                      LOD: 0.21--4.2 nmol/mL\                                                    10--1000 nmol/mL for DOPA;\                                               96.9--103.3                                   External method; 16.0/20.0 min               \[[@B37-jcm-08-00640]\]
                                                                          10 μL                                                                                                                            XBridge TM C18 column (4.6 × 150 mm, 5 µm)                                                    MeOH:water:TFA (60:40:0.05, *v*/*v*/*v*)\                                                                                       λ~ex/em~ = 280/ 320 nm                      LOQ: 1--10 nmol/mL dependent to the analyte                                5--250 nmol/mL for DA, NE, M;\                                                                                                                                       
                                                                                                                                                                                                                                                                                                         and\                                                                                                                                                                                                                                                   1--100 nmol/mL for E, Trp, 5-HTrp, 5-HT                                                                                                                              
                                                                                                                                                                                                                                                                                                         MeOH:water:TFA\                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                         (2.5:97.5:0.05, *v*/*v*/*v*)                                                                                                                                                                                                                                                                                                                                                                                                

  5-HT, 5-HIAA and 3 others                                               Plasma\                                Deproteinization with THF and derivatization with HFBA                                    Fluorousphase\                                                                                Isocratic elution:\                                                                                                             LC-FD\                                      LOD: n.d.\                                                                 4.3--300 pmol/mL for 5-HT; 1.5--300 pmol/mL for 5-HIAA                    72.2--84.2                                    External method; 30.0 min                    \[[@B38-jcm-08-00640]\]
                                                                          70 μL                                                                                                                            Fluofix-II 120E column (4.6 × 150 mm, 5 µm)                                                   MeOH:water:ACN:TFA (80:13:7:0.1, *v*/*v*/*v*)                                                                                   λ~ex/em~ = 340/ 452 nm                      LOQ: 4.3 pmol/mL for 5-HT\                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     1.5 pmol/mL for 5-HIAA                                                                                                                                                                                                                          

  L-Tryp, KYN                                                             Serum\                                 Deproteinization with ACN and derivatization with DBD-PyNCS                               TSKgel ODS-100 V column (2.0 × 250 mm, 5 μm)                                                  Gradient elution:\                                                                                                              LC-MS                                       LOD: 150 nM\                                                               10-200 μM\                                                                n.d.                                          7-Amino-heptanoic acid; 40 min               \[[@B39-jcm-08-00640]\]
                                                                          10 μL                                                                                                                                                                                                                          A: H~2~O/ACN (80:20) with 0.1% HAc\                                                                                                                                         LOQ: 0.5 μM                                                                for L-Tryp;\                                                                                                                                                         
                                                                                                                                                                                                                                                                                                         B: ACN/H~2~O (80:20) with 0.1% HAc                                                                                                                                                                                                                     0.5--5.0 μM\                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                for KYN                                                                                                                                                              

  NE, E, DA, NM, M, 3-MT                                                  Urine\                                 Dilution with 1.0% FA in water and derivatization with acetaldehyde                       Atlantis T3 column (2.1 × 150 mm, 3 µm)                                                       Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d\                                                                  n.d.                                                                      67--78                                        The deuterated ISs;\                         \[[@B41-jcm-08-00640]\]
                                                                          50 μL                                                                                                                                                                                                                          A: 2% FA in water\                                                                                                                                                          LOQ n.d.                                                                                                                                                                                           4.3/6.2 min                                  
                                                                                                                                                                                                                                                                                                         B: ACN                                                                                                                                                                                                                                                                                                                                                                                                                      

  5-HT, DA, NE and others                                                 Carcinoma stem cell                    On-line MD system                                                                         Merck ZIC-HILIC column (2.1 × 100 mm, 3 µm)                                                   Isocratic elution:\                                                                                                             LC-MS/MS                                    LOD: 2 pg for 5-HT, 10 pg for other analytes\                              5--500 ng/mL for 5-HT\                                                    n.d                                           The deuterated ISs; n.d.                     \[[@B42-jcm-08-00640]\]
                                                                                                                                                                                                                                                                                                         MeOH: 20 mM AF in water, pH 3.0 (55:45, *v*/*v*)                                                                                                                            LOQ: 5 pg for 5-HT, 20 pg for other analytes                               20--2000 ng/mL for others                                                                                                                                            

  VMA, HVA                                                                Serum\                                 LLE with ethyl acetate                                                                    Waters Acquity UPLC HSS T3 column, (2.1 × 150 mm, 1.8 μm)                                     Gradient elution:\                                                                                                              UPLC-MS/MS                                  LOD: n.d.\                                                                 2--1000 ng/mL                                                             110.5 for VMA,\                               d3-VMA and\                                  \[[@B43-jcm-08-00640]\]
                                                                          0.5 mL                                                                                                                                                                                                                         A: 0.1% FA in water\                                                                                                                                                        LOQ: 0.02 ng/ml for VMA, 0.18 ng/mL for HVA                                                                                                          108.0 for HVA                                 3C6,18O-HVA;\                                
                                                                                                                                                                                                                                                                                                         B: 0.1% FA in ACN                                                                                                                                                                                                                                                                                                                                                              3.3/8.0 min                                  

  E, NE, DA, M, NM                                                        Urine\                                 LLE with ethyl acetate                                                                    BDS Hypersil C18 column (3.0 × 125 mm, 3 μm)                                                  Isocratic elution:\                                                                                                             LC-MS/MS                                    LOD: 0.3--3.6 µg/L\                                                        From 3 to 2130 µg/L                                                       92.1--108.8                                   The deuterated ISs;\                         \[[@B44-jcm-08-00640]\]
                                                                          1 mL                                                                                                                                                                                                                           Water:MeOH (98:2) with\                                                                                                                                                     LOQ: 1.0--11.1 µg/L                                                                                                                                                                                10 min                                       
                                                                                                                                                                                                                                                                                                         0.25 % FA                                                                                                                                                                                                                                                                                                                                                                                                                   

  E, DA, 3-MT, NE, 5-HT, L-Tryp, L-Tyr and others                         Urine\                                 LLE with TCA                                                                              Acclaim Mixed Mode WCX column (2.1 × 150 mm, 3 μm)                                            Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.3--6.6 μg/L\                                                        From 1 to 2000 μg/L                                                       72.9--100.0                                   External method;\                            \[[@B46-jcm-08-00640]\]
                                                                          50 μL                                                                                                                                                                                                                          A: 0.1 % HAc\                                                                                                                                                               LOQ: 1.0--21.9 μg/L                                                                                                                                                                                10.0/20.0 min                                
                                                                                                                                                                                                                                                                                                         in MeOH/H~2~O (20/80, *v*/*v*) B: 2.0% HAc in\                                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                         MeOH/H~2~O 20/80 (*v*/*v*)                                                                                                                                                                                                                                                                                                                                                                                                  

  L-Tyr, L-Tryp, 5-HT, DA, E, NE, 3-MT, 5-HIAA, VMA, HVA, L-DOPA, DOPAC   Urine\                                 DLLME with dichloromethane/ethanol as extraction/disperser solvent                        XBridge Amide TMBEH column (3.0 × 100 mm, 3.5 µm)                                             Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 5 and 10 ng/mL\                                                       10--2000 and\                                                             99.0                                          Norvaline;\                                  \[[@B48-jcm-08-00640]\]
                                                                          980 μL                                                                                                                                                                                                                         A: 10 mM AF in water, pH 3.0\                                                                                                                                               LOQ: 10 and 20 ng/mL                                                       20--2000 ng/mL                                                                                                          12.0/20.0 min                                
                                                                                                                                                                                                                                                                                                         B: 10 mM AF in ACN                                                                                                                                                                                                                                                                                                                                                                                                          

  5-HT, 5-HIAA and others                                                 Serum\                                 DLLME and derivatization with benzylamine/potassium hexacyanoferrate(III)                 A reversed-phase XBridge™ Shield RP18 column (4.6 × 150 mm, 5 µm)                             Gradient elution:\                                                                                                              HPLC-FD\                                    LOD: 0.08--0.33 nM\                                                        0.5--100 nM                                                               66--98                                        The deuterated ISs;\                         \[[@B49-jcm-08-00640]\]
                                                                          500 µL                                                                                                                                                                                                                         A: 250 mM acetate buffer (pH 4.3):water:ACN (50:40:10, *v*/*v*)\                                                                (λ~ex/em~)\                                 LOQ: 05 nM                                                                                                                                                                                         2.5/5.5 min                                  
                                                                                                                                                                                                                                                                                                         B: 250 mM acetate buffer (pH 4.3):ACN (50:50, *v*/*v*)                                                                          345/452 nm                                                                                                                                                                                                                                                                                  

  Free E, NE, DA, M, NM                                                   Urine\                                 SPE with Strata-X-CW                                                                      Unison UK-C18 column (2.0 × 100 mm, 3 µm)                                                     Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d.\                                                                 From 3.5 to 2569 pmol/mL                                                  61--107                                       The deuterated ISs;\                         \[[@B50-jcm-08-00640]\]
                                                                          0.1 mL                                                                                                                                                                                                                         A: water with FA (99.9:0.1, *v*/*v*)\                                                                                                                                       LOQ: 3.5--7.4 µg/L                                                                                                                                                                                 2.6/n.d.                                     
                                                                                                                                                                                                                                                                                                         B: ACN with FA (99.9:0.1, *v*/*v*)                                                                                                                                                                                                                                                                                                                                                                                          

  DA, E, 5-HT, L-Tryp and 2 others                                        Whole blood\                           Deproteinization with 0.1% FA in cold ACN, automated filtration and *on-line* SPE-HILIC   HILIC column\                                                                                 Isocratic elution:\                                                                                                             LC-MS                                       LOD: 1 nM for DA and 5-HT, 0.2 nM for E, 30 nM for L-Tryp;\                0.05-50 nM for DA and E; 5--5000 nM for 5-HT; 250--250000 nM for L-Tryp   33--91                                        External method;\                            \[[@B51-jcm-08-00640]\]
                                                                          100 μL                                                                                                                           n.d.                                                                                          ACN:100 mM AF at pH 70:30, *v*/*v*)                                                                                                                                         LOQ: 0.05 nM for DA and E; 5 nM for 5-HT; 250 nM for L-Tryp                                                                                                                                        10/12 min                                    

  E, NE                                                                   Plasma\                                Alumina B 96-well SPE; Derivatization with d4-acetaldehyde                                Onyx Monolith C18 column (3.0 × 100 mm, n.d.)                                                 Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.5 pg/mL for E and NE;\                                              5.0-500 pg/mL for E; 20.0--2000 pg/mL for NE                              \>66                                          The deuterated ISs;\                         \[[@B52-jcm-08-00640]\]
                                                                          0.5 mL                                                                                                                                                                                                                         A: 10 mM AF in water\                                                                                                                                                       LOQ: 5 pg/mL for E, 20.0 pg/mL for NE                                                                                                                                                              5.4 /6.2 min                                 
                                                                                                                                                                                                                                                                                                         B: MeOH                                                                                                                                                                                                                                                                                                                                                                                                                     

  Free NM, MN and 3-MT                                                    Plasma\                                SPE on Oasis WCX μElution\                                                                Atlantis HILIC Silica column (2.1 × 30 mm, 3 μm)                                              Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.01--.03\                                                            0.1--23.0 nmol/L                                                          88--98                                        The deuterated ISs;\                         \[[@B53-jcm-08-00640]\]
                                                                          100 μL                                 96-well plates                                                                                                                                                                          A: 100 mmol/L AF, pH 3\                                                                                                                                                     nmol/L\                                                                                                                                                                                            2.0/3.5 min                                  
                                                                                                                                                                                                                                                                                                         B: ACN                                                                                                                                                                      LOQ: 0.04--0.06 nmol/L                                                                                                                                                                                                                          

  DA                                                                      Neonate plasma\                        SPE-SCX and derivatization with propionic anhydride/pyridine                              Waters Acquity UPLC BEH C18 column (2.1 × 100 mm, 1.7 µm)                                     Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d.\                                                                 10--1000 pg/mL                                                            n.d.                                          Dopamine-d4;\                                \[[@B54-jcm-08-00640]\]
                                                                          200 μL                                                                                                                                                                                                                         A: 0.2% FA in water\                                                                                                                                                        LOQ: 10 pg/mL                                                                                                                                                                                      8.0/8.5 min                                  
                                                                                                                                                                                                                                                                                                         B: MeOH/ACN (30:70, *v*/*v*)                                                                                                                                                                                                                                                                                                                                                                                                

  M, NM                                                                   Plasma\                                SPE on Oasis WCX μElution 96-well plate                                                   Waters Atlantis HILIC silica column (2.1 × 50 mm, 3.0 µm)                                     Gradient elution:\                                                                                                              UPLC-MS/MS                                  LOD: 0.05 nmol/L\                                                          1.0--100 nmol/L                                                           n.d.                                          The deuterated ISs; 15.0/20.0 min            \[[@B55-jcm-08-00640]\]
                                                                          200 μL                                                                                                                                                                                                                         A: 100 mmol/L AF, pH 3.0\                                                                                                                                                   LOQ: 0.1 nmol/L                                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                         B: ACN                                                                                                                                                                                                                                                                                                                                                                                                                      

  M, NM                                                                   Plasma\                                SPE-HyperSep and derivatization with PFHA                                                 Hypercarb PGC column (2.1 × 50 mm, 5 µm)                                                      Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d.\                                                                 7.2--486.8 pg/mL for\                                                     90.5--97.5                                    The deuterated ISs;\                         \[[@B57-jcm-08-00640]\]
                                                                          0.5 mL                                                                                                                                                                                                                         Three mobile phase (MP) were used.\                                                                                                                                         LOQ: 7.2 pg/mL for M, 18.0 pg/mL for NM                                    M\                                                                                                                      5.5/10.0 min                                 
                                                                                                                                                                                                                                                                                                         MP1: 50 mM AA and 1% FA in water; MP2: 0.1% FA in ACN; MP3: 9:9:2 (*v*/*v*/*v*) mix of ACN/isopropanol/ acetone (*v*/*v*/*v*)                                                                                                                          18.0--989.1 pg/mL for NM                                                                                                                                             

  VMA, NM, M,\                                                            Serum\                                 SPE on MAX μElution 96 plate                                                              Atlantis HILIC column (2.10 × 50 mm, 2.6 μm)                                                  Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.7 nmol/L\                                                           1.25--10000 nmol/L                                                        97--99                                        The deuterated ISs; 3.2/10.0 min             \[[@B58-jcm-08-00640]\]
  3-MT                                                                    200 μL                                                                                                                                                                                                                         A: 100 mmol/L AF, pH 2.2\                                                                                                                                                   LOQ: 1.25 nmol/L                                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                         B: ACN                                                                                                                                                                                                                                                                                                                                                                                                                      

  NE, E and DA                                                            PBMC\                                  SPE on Oasis HLB 96-well µElution plate                                                   Luna PFP (2) column (2.1 × 150 mm, 3 µm)                                                      Gradient elution:\                                                                                                              UPLC-MS/MS                                  LOD: 0.5 pg/mL for E, 2.0 pg/mL for NE and DA;\                            1.0--2500 pg/mL for E 5.0--2500 pg/mL for NE and DA                       81.0--100.5                                   The deuterated ISs; 4.5/7.0 min              \[[@B59-jcm-08-00640]\]
                                                                          250 μL                                                                                                                                                                                                                         A: 0.01% FA in water\                                                                                                                                                       LOQ: 1.0 pg/mL for E, 5.0 pg/mL for NE and DA                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                         B: 0.01% FA in MeOH                                                                                                                                                                                                                                                                                                                                                                                                         

  E, NE                                                                   Urine\                                 Alumina B 96-well SPE                                                                     Phenomenex Kinetex Piphenyl column (2.1 × 100 mm, 2.6 µm)                                     Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d.\                                                                 0.1--2 μmol/L                                                             n.d.                                          The deuterated ISs; 4.5/6.0 min              \[[@B60-jcm-08-00640]\]
                                                                          350 μL                                                                                                                                                                                                                         A: 0.1% FA in water\                                                                                                                                                        LOQ: 0.005 μmol/L                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                         B: 0.1% FA in MeOH                                                                                                                                                                                                                                                                                                                                                                                                          

  5-HIAA                                                                  Serum\                                 SPE on WAX μElution plates                                                                Atlantis HILIC Silica column (2.10 × 50 mm, 3 μm)                                             Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.2 nmol/L\                                                           5--10,000 nmol/L                                                          98                                            5-HIAA-D2; 3.2 /7.0 min                      \[[@B61-jcm-08-00640]\]
                                                                          100 μL                                                                                                                                                                                                                         A: 90 mmol/L AF,\                                                                                                                                                           LOQ: 5 nmol/L                                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                         pH 3\                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                                                                                                                                                                                                                                                                         B: ACN                                                                                                                                                                                                                                                                                                                                                                                                                      

  5-HT, 5-HIAA, DA                                                        Urine\                                 SPE-Isolute\                                                                              RP Hypersil Gold aQ column, (2.1 × 150 mm, 3 μm)                                              Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 8.8--18.2 nmol/L\                                                     0.11--3.27 μmol/L                                                         91--107                                       The deuterated ISs;\                         \[[@B62-jcm-08-00640]\]
                                                                          200 μL                                 C18                                                                                                                                                                                     A: 0.1% FA in water\                                                                                                                                                        LOQ: 29.4--55.7 nmol/L                                                                                                                                                                             5.0/20.0 min                                 
                                                                                                                                                                                                                                                                                                         B: 0.1% FA in MeOH                                                                                                                                                                                                                                                                                                                                                                                                          

  NE, E, DA, M, NM,                                                       Urine\                                 SPE on Oasis HLB 96-well μElution plate                                                   Luna PFP (2) column (2.1 × 150 mm, 3 µm)                                                      Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 1.0 ng/mL for NE, DA and NM; 0.25 ng/mL for E, M\                     From 0.5 to 1250 ng/mL dependent to the analyte                           74.1--96.3                                    The deuterated ISs; 4.0/5.5 min              \[[@B63-jcm-08-00640]\]
                                                                          10 μL                                                                                                                                                                                                                          A: 0.01% FA water\                                                                                                                                                          LOQ: 2.5 ng/mL for NE, DA and NM; 0.50 ng/mL for E, M                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                         B: 0.01% FA in MeOH                                                                                                                                                                                                                                                                                                                                                                                                         

  NM, M, 3-MT                                                             Plasma\                                SPE on OASIS^®^WCX-96 μElution plates                                                     Acquity UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm)                                             Gradient elution:\                                                                                                              UPLC-MS/MS                                  LOD: 0.02 nmol/L\                                                          2.5-50.0 nmol/L                                                           66--93                                        The deuterated ISs;\                         \[[@B64-jcm-08-00640]\]
                                                                          900 µL                                                                                                                                                                                                                         A: 0.2% FA in water\                                                                                                                                                        LOQ: 0.022-0.024 nmol/L                                                                                                                                                                            2.5/5.5 min                                  
                                                                                                                                                                                                                                                                                                         B: 0.2% FA in ACN                                                                                                                                                                                                                                                                                                                                                                                                           

  NE, E, DA                                                               Urine\                                 SPE on Oasis HLB 96-well extraction plate                                                 Restek ultra\                                                                                 Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.1--1 ng/mL\                                                         2.5-500 ng/mL for NE; 0.25--250 ng/mL for E; 2.5--1000 ng/mL for DA       n.d.                                          The deuterated ISs;\                         \[[@B65-jcm-08-00640]\]
                                                                          0.6 mL                                                                                                                           PFPP column (2.1 × 150 mm, 3 μm)                                                              A: 2% FA in water\                                                                                                                                                          LOQ: 0.25--2.5 ng/mL                                                                                                                                                                               5.5/7.0 min                                  
                                                                                                                                                                                                                                                                                                         B: MeOH                                                                                                                                                                                                                                                                                                                                                                                                                     

  NM, M, 3-MT, NE, E, DA                                                  Urine\                                 Free BAs and their metabolites:\                                                          Acquity UPLC^®^ HSS T3 column (2.1 × 100 mm, 1.8 μm) from Waters (Eschborn, Germany)          Gradient elution:\                                                                                                              UPLC-MS/MS                                  LOD: n.d.\                                                                 506--3264 nmol/L                                                          60--96                                        The deuterated ISs; 2/n.d min                \[[@B68-jcm-08-00640]\]
                                                                          100 μL for free forms\                 SPE on\                                                                                                                                                                                 A: 0.2% FA in water\                                                                                                                                                        LOQ: 1.3--2.3 nmol/L                                                                                                                                                                                                                            
                                                                          500 μL for\                            OASIS WCX-96 μElution plates\                                                                                                                                                           B: 0.2% FA in ACN                                                                                                                                                                                                                                                                                                                                                                                                           
                                                                          deconjugated M, NM and 3-MT            Deconjugated\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                                                                                 BAs: Hydrolyse with HCl and SPE                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  DA, E, NE,\                                                             Urine\                                 MEPS with APS sorbent                                                                     XBridge Amide™ BEH column (3.0 × 100 mm, 3.5 µm) from Waters (Millford, Massachusetts, USA)   Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 2 and 10 ng/mL\                                                       10--2000 and\                                                             87.6--104.3 for plasma 84.2--98.6 for urine   DHBA;\                                       \[[@B69-jcm-08-00640]\]
  5-HT, VMA, HVA,\                                                        50 μL\                                                                                                                                                                                                                         A: 10 mM AF in water, pH 3.0\                                                                                                                                               LOQ: 5 and 20 ng/mL dependent to the analyte                               20--2000 ng/mL dependent to the analyte                                                                                 12.0/20.0 min                                
  3- MT, L-Tyr, L-DOPA,\                                                  plasma\                                                                                                                                                                                                                        B: 10 mM AF in ACN, pH 3.0                                                                                                                                                                                                                                                                                                                                                                                                  
  L-Tryp,\                                                                100 μL                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  5-HTryp, DHBA, DOPAC,\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  5-HIAA                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  5-HT, DA, NE                                                            Urine\                                 MEPS C18                                                                                  Zorbax 300SB C18 RP column (4.6 × 250 mm, 5 µm)                                               Isocratic elution:\                                                                                                             HPLC-ED\                                    LOD: 2 ng/mL for DA and NE, 20 ng/mL for 5-HT\                             5-1000 ng/mL for DA and NE,\                                              91.97--10.06                                  DHBA;\                                       \[[@B70-jcm-08-00640]\]
                                                                          500 μL                                                                                                                                                                                                                         75 mM NaH~2~PO~4~, 1.7 mM\                                                                                                      300/150 mV in oxidation/reduction channel   LOQ: 5 ng/mL for DA and NE, 50 ng/mL for 5-HT                              50--1000 ng/mL for\                                                                                                     26 min                                       
                                                                                                                                                                                                                                                                                                         OSA, 0.01% TEA (*v*/*v*), 25 mM EDTA and 10% ACN (*v*/*v*), pH 3.5                                                                                                                                                                                     5-HT                                                                                                                                                                 

  NE, E, DA                                                               Plasma\                                MEPS C18                                                                                  Hypersil Gold RP C18 column (4.6 × 150 mm, 5 µm)                                              Isocratic elution:\                                                                                                             HPLC-CD E1/E2:\                             LOD: 0.03 ng/mL\                                                           0.1--5.0 ng/mL                                                            86.0--95.2                                    Catechol; 25.0 min                           \[[@B71-jcm-08-00640]\]
                                                                          150 μL\                                                                                                                                                                                                                        MeOH: 30.0 mM CA with 0.5 mM OSA, (2.5:97.5, *v/v*), adjusted to pH 2.92 with 2 N NaOH                                          −0.350/+0.400 V                             LOQ: 0.1 ng/mL                                                                                                                                                                                                                                  
                                                                          Urine\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
                                                                          10 μL,\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
                                                                          DPSs,\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
                                                                          DUSs (one)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  5-HT                                                                    Serum\                                 96-well Oasis WCX μElution plates                                                         Atlantis\                                                                                     Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 2.5 nmol/L\                                                           10--10000 nmol/L                                                          95--115                                       The deuterated ISs; 1.6/6.4 min              \[[@B72-jcm-08-00640]\]
                                                                          100 μL                                                                                                                           HILIC Silica column (2.1 × 50 mm, 3 µm)                                                       A: 90 mmol/L AF,\                                                                                                                                                           LOQ: 10 nmol/L                                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                         pH 4\                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                                                                                                                                                                                                                                                                         B: ACN                                                                                                                                                                                                                                                                                                                                                                                                                      

  E, NE and\                                                              Serum\                                 Deproteinization with perchloric acid; re-extraction with NaOH;\                          Zorbax Eclipse Plus C18 column (4.6 × 150 mm, 5 μm)                                           Gradient elution:\                                                                                                              HPLC-DAD\                                   LOD: 90 ng/L for E, 596 ng/L for NE\                                       80--5 × 10 ^4^ ng/L                                                       85.7--106.7                                   External method;\                            \[[@B75-jcm-08-00640]\]
  others                                                                  0.5 mL                                 derivatization with dansyl\                                                                                                                                                             A: 5 mM AF in water\                                                                                                            254 nm                                      LOQ: 300 ng/L for E, 980 ng/L for NE                                                                                                                                                               20 min                                       
                                                                                                                 chloride                                                                                                                                                                                B: ACN                                                                                                                                                                                                                                                                                                                                                                                                                      

  23 Amino acids, including L-Tryp and L-Tyr                              Exhaled breath conden-sate\            Evaporation                                                                               XBridge Amide column (3.0 × 100 mm, 3.5 µm)                                                   Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: 0.25ng/mL for L-Tryp, 0.05 ng/mL for L-Tyr\                           0.75-400 ng/mL for L-Tryp,\                                               52.2--108.2                                   Leucine-D3; 12.0/18.0 min                    \[[@B76-jcm-08-00640]\]
                                                                          2 mL                                                                                                                                                                                                                           A: 10 mM of ammonium buffer in water, pH 3\                                                                                                                                 LOQ: 0.75 ng/mL for L-Tryp, 0.15 ng/mL for L-Tyr                           0.15--400 ng/mL for L-Tyr                                                                                                                                            
                                                                                                                                                                                                                                                                                                         B: 10 mM ammonium buffer in ACN                                                                                                                                                                                                                                                                                                                                                                                             

  VMA, HVA                                                                Urine\                                 Dilution and deproteinization with FA                                                     Kinetex XB-C18 column (2.1 × 50 mm, 1.7 μm)                                                   Gradient elution:\                                                                                                              LC-MS/MS                                    LOD: n.d.\                                                                 0.5--100 mg/L                                                             n.d.                                          d3-VMA and\                                  \[[@B77-jcm-08-00640]\]
                                                                          n.d.                                                                                                                                                                                                                           A: 0.05% (*v*/*v*) FA in water\                                                                                                                                             LOQ: 0.5 mg/L                                                                                                                                                                                      ring-13C6, 4-hydroxy-18O\] (HVA-13C6\        
                                                                                                                                                                                                                                                                                                         B: 0.05% (*v*/*v*) FA in MeOH                                                                                                                                                                                                                                                                                                                                                  18O); 2.3/4.0 min                            
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AA---ammonium acetate; ACN---acetonitrile; AF---ammonium formate; APS---aminopropyl silane sorbent; CA---citric acid; CD---coulometric detection; Cr---Creatinine; CSF---cerebrospinal fluid; DA---dopamine; DBD-PyNCS---(*R*)-(--)-4-(*N*, *N*-dimethylaminosulfonyl)-7-(3-isothiocyanatopyrrolidin-1-yl)-2,1,3-benzoxadiazole; DHBA---3,4-dihydroxybenzylamine; DLLME---dispersive liquid-liquid microextraction; DOPAC---3,4-dihydroxyphenylacetic acid; DPE---1,2-diphenylethyleendiamine; DPSs---dried plasma spots; DUSs---dried urine spots; E---epinephrine; ED---electrochemical detection; FA---formic acid; HAc---acetic acid; HFBA---4-(3′,3′,4′,4′,5′,5′,6′,6′,7′,7′,8′,8′,9′,9′,10′,10′,10′-heptadecafluorodecyl)benzylamine; HLB---hydrophilic-lipophilic balance; 5-HIAA---5-hydroxyindole-3-acetic acid; HILIC---zwitter-ionic phase; HMPG sulphate---4-hydroxy-3-methoxyphenylglycol sulphate; HPLC---high performance liquid chromatography; 5-HT---5-hydroxytryptamine (serotonin); 5-HTryp---5-hydroxytryptophane; HVA---homovanillic acid; IL---anionic liquid; IS---Internal Standard; KYN---kynurenine; LC---liquid chromatography; LC-MS/MS---liquid chromatography with tandem mass spectrometry; L-DOPA---3,4-dihydroxyphenylalanine; LLE---liquid-liquid extraction; LOD---limit od detection; LOQ---limit of quantification; L-Tyr---L-tyrosine; L-Tryp---L-tryptophan; M---metanephrine; MHPG---3-metoxy-4-hydroxyphenolglycol; MD---microdialysis device; MeOH---methanol; MEPS---microextraction in packed syringe; 3-MT---3-methoxytyramine; NaAc---sodium acetate; NE---norepinephrine; n.d.---no data; NM---normetanephrine; OSA---sodium octyl sulphate; PBMC---peripheral blood mononuclear cells; PFHA---perfluoroheptanoic acid; PFOEI---2-(perfluorooctyl)ethyl isocyanate; PITC---phenylisothiocyanate SCX---strong cation exchange; SPE---solid phase extraction; TCA---trichloroacetic acid; TEA---trimethylamine; TFA---trifluoroacetic acid; THF---tetrahydrofuran; UPLC---ultra performance liquid chromatography; UV---ultraviolet detection; WCX---weak cation exchange; VMA---vanillylmandelic acid.

jcm-08-00640-t003_Table 3

###### 

GC methods for the separation of selected BAs in human specimens published since 2010.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Analytes                                Human\    Sample Preparation                                                                         GC Conditions                                                                   Validation Data   Internal Standard (IS);\                                 Ref.                                                                                        
                                          Sample\                                                                                                                                                                                                Analysis Time                                                                                                                                        
                                          Volume                                                                                                                                                                                                                                                                                                                                                      
  --------------------------------------- --------- ------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------- ----------------- -------------------------------------------------------- ---------------------------------------------- ------------ ------------------------------- -------------------------
  L-Tryp, 5-HT and others                 Plasma\   Deproteinization with TCA, centrifugation and SPE-Empore TM C18 cartridge,\                HP-1MS^®^ capillary column (30.0 m × 0.25 mm, 0.25 μm film thick-ness)          GC/MS             LOD: n.d\                                                5--60 pmol/L for L-Tryp\                       83.6--87.2   The deuterated ISs; 10 min      \[[@B33-jcm-08-00640]\]
                                          100 μL    Derivatization with\                                                                                                                                                                         LOQ: 5 pmol/L for L-Tryp\                                2.5--40 pmol/L for 5-HT                                                                     
                                                    PFPOH:PFPA (2:1, *v*/*v*)                                                                                                                                                                    2.5 pmol/L for 5-HT                                                                                                                                  

  HVA, VMA                                Urine\    LLE with ethyl acetate and derivatization with BSTFA                                       HP-5MS fused-silica capillary column (30 m × 0.25 mm, 0.25 μm film thickness)   GC-MS             LOD: n.d.\                                               0.9--193 and 0.9--221 μmol/L for HVA and VMA   92--96       3-Phenyl butyric acid; 16 min   \[[@B45-jcm-08-00640]\]
                                          1 mL                                                                                                                                                                                                   LOQ: 0.9 μmol/L                                                                                                                                      

  56 amino acids and their conjugates,\   Urine\    LLME with the THP and re-extraction to acidic isooctane;\                                  ZB-XLB silica capillary column (30 m x 0.25 mm, 0.25 µm film thickness)         GC-MS             for BAs\                                                 For BAs\                                       99--116      External method;\               \[[@B47-jcm-08-00640]\]
  84 organic acids, 9 BAs amines,\        25 µL     Derivatization with HFBCF                                                                                                                                                                    LOD: 0.013--0.05 µmol/L\                                 2--400 µmol/L dependent to the analyte                      38.0 min                        
  4 other analytes                                                                                                                                                                                                                               LOQ: 2--4 µmol/L for BAs                                                                                                                             

  DA, HVA, L-DOPA, NM, E, NE, DOPAC,\     Urine\    Hydrolysis with HCl, SPE-MCX and derivatization with\                                      DB-5MS capillary column (15 m × 0.25 mm, 0.25 μm film thickness)                GC/MS             LOD: 0.12-- 6.24 ng/mL\                                  From 1 to 2500 ng/mL\                          n.d.         The deuterated ISs; 13.5 min    \[[@B66-jcm-08-00640]\]
  VMA, 5-HT, 5-HIAA                       2 mL      HMDS/MBHFBA                                                                                                                                                                                  LOQ: 0.17--17.84 ng/mL                                   dependent to the analyte                                                                    

  20 Analytes                             Urine\    Hydrolysis with HCl, next, SPE-MCX and derivatization with\                                DB-5MS capillary column (20 m × 0.25 mm, 0.25 μm film thick-ness)               GC-MS/MS          LOD:0.47--1.72 ng/mL\                                    From 1 to 1000 ng/mL\                          n.d.         The deuterated ISs; 15 min      \[[@B67-jcm-08-00640]\]
                                          2 mL      HMDS/MBHFBA                                                                                                                                                                                  LOQ: 1.0--25.0 ng/mL                                     dependent to the analyte                                                                    

  HVA, VMA,\                              Urine\    Derivatization with ethyl chloroformate/ethanol and SPME with PA fibre in immersion mode   Thermo TR-5MS\                                                                  GC--QqQ-MS        LOD: 1.3, 0.046 and 24.3 ug/L for HVA, VMA and 5-HIAA\   0.5--100 μg/L                                  n.d.         The deuterated ISs; 25 min      \[[@B73-jcm-08-00640]\]
  5-HIAA                                  50 μL                                                                                                (30 m × 0.25 mm, 0.25 µm film thickness)                                                          LOQ: 2.7, 0.063 and 49.6 μg/L for HVA, VMA and 5-HIAA                                                                                                

  DA, 5-HT and NE                         Urine\    Derivatization with propyl chloroformate,\                                                 Thermo TR-5MS (30 m × 0.25 mm, 0.25 μm film thickness)                          GC-QqQ-MS         LOD: 0.38--13.5 µg/L\                                    10--1000 µg/L for DA and 5-HT\                 n.d.         The deuterated ISs; 20 min      \[[@B74-jcm-08-00640]\]
                                          600 µL    Next, SPME with PA fibre in immersion mode                                                                                                                                                   LOQ: 0.81, 0.74 and 21.3 µg/L for DA, 5-HT and NE        30--1000 µg/L for NE                                                                        
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

BSTFA---N,O-bis(trimethylsilyl)trifluoroacetamide; DA---dopamine; DOPAC---3,4-dihydroxyphenylacetic acid; E---epinephrine; GC-MS---gas chromatography with mass spectrometry; GC-MS/MS---gas chromatography with tandem mass spectrometry; GC-QqQ-MS---gas chromatography-triple quadrupole mass spectrometry; HFBCF---heptafluorobutyl chloroformate; 5-HIAA---5-hydroxyindole-3-acetic acid; HMDS---hexamethyldisilazane; 5-HT---5-hydroxytryptamine (serotonin); HVA---homovanillic acid; L-DOPA---3,4-dihydroxyphenylalanine; LLE---liquid-liquid extraction; L-Tyr---L-tyrosine; L-Tryp---L- tryptophan; M---metanephrine; MBHFBA -N-methyl-bis-heptafluorobutyramide; MCX---mixed mode cation exchange; NE---norepinephrine; n.d.---no data; NM---normetanephrine; LLE---liquid--liquid extraction; LLME---liquid-liquid microextraction; LOD---limit od detection; LOQ---limit of quantification; SPE---solid phase extraction; SPME---solid phase microextraction; PA---polyacrylate; PFPA---pentafluoropropionic anhydride; PFPOH---2,2,3,3,3-pentafluoro-1-propanol; TCA---trichloroacetic acid, THP---tris(3-hydroxypropyl)phosphine; VMA---vanillylmandelic ac.

jcm-08-00640-t004_Table 4

###### 

Information on parameter methodologies based on the electromigration techniques developed for BA determinations in human samples since 2010.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Separation Technique                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  -------------------------------------------------------- --------------------------- ----------------------------------------- -------------------------------------------- ------------------------------------------------------------------------------------------------------------------- -------- -------------------------------------------------- ----------------------------------------------------------------------------------- -------------- ------------- --------------------------
  DA, 3-MT,\                                               Artificial urine/n.d.       Molecularly imprinted polymer (MIP)-SPE   Field-amplified sample injection (FASI)-CE   80 mM H~3~PO~4~--LiOH (pH 4)\                                                                                       UV\      LOQ: 46 nM for DA,11 nM for 3-MT, 6 nM for 5-HT\   50--300 nM                                                                          40--100        10/3,4-DHBA   \[[@B89-jcm-08-00640]\]
  5-HT                                                                                                                                                                        Sample buffer: 100 μM phosphate in methanol--water 90/10 (*v*/*v*)                                                  214 nm   LOQ: 50 nM                                                                                                                                                          

  E, NE, DA,\                                              Urine/\                     SPE alumina                               HC FASS--CZE, sweeping, electro-stacking     50 mM acetate buffer pH 4.0,\                                                                                       UV\      LOD: 0.3--1.3 ng/mL\                               \-                                                                                  85--90         10/n.d.       \[[@B90-jcm-08-00640]\]
  NM                                                       4 mL                                                                                                               0.5 mM ionic liquid C16MimCl                                                                                        220 nm   LOQ: -                                                                                                                                                              

  HA, L-Try,\                                              Urine/n.d.                  Centrifugation                            CZE                                          150.0 mM phosphate (Na~2~HPO~4~--NaH~2~PO~4~) and 1.0 mM borax, pH 6.1                                              DAD\     LOD: 0.2--1.2 μM\                                  0.7--50 μM                                                                          \-             15/n.d.       \[[@B91-jcm-08-00640]\]
  TA, 5-HT, DA, NE, E                                                                                                                                                                                                                                                                             200 nm   LOQ: 0.7--4 μM                                                                                                                                                      

  DA, E                                                    Urine/0.5 mL                Centrifugation, dilution and filtration   Laboratory-\                                 25 mM borate solution (pH 9.8) containing 0.6 mM CdTe quantum dot (QD)s and\                                        CL       LOD: 23 nM for DA, 9.3 μM for E\                   0.08--5 μM for DA\                                                                  97--104        10/n.d.       \[[@B92-jcm-08-00640]\]
                                                                                                                                 built CE--CL                                 0.3 mM luminol                                                                                                               LOQ: 0.08 µM for DA, 0.04 μM for E                 0.04--5 μM for E                                                                                                 

  DA, TA, T,\                                              Urine/\                     Filtered\                                 FASI-CE                                      20 mM of 2-(morpholino)-ethanesulfonic acid and 30 mM phosphate buffer, 0.05%\                                      UV\      LOD: 0.01--0.15 μM\                                0--10 μM                                                                            89--108        25/PPA        \[[@B93-jcm-08-00640]\]
  5-HT, E                                                  1 mL                        and LLE                                                                                hydroxypropylcellulose and 10% *v*/*v* methanol, pH 6.5                                                             210 nm   LOQ: n.d.                                                                                                                                                           

  E                                                        Urine 0.2 mL                Deproteinization and filtration           CE-CL                                        2.5 mM phosphate buffer\                                                                                            CL       LOD: 0.82 ng/mL\                                   2.0--400 ng/mL                                                                      86.5--112      7/n.d.        \[[@B94-jcm-08-00640]\]
                                                                                                                                                                              (pH 6.0) and 100 μM luminol                                                                                                  LOQ: 2.0 ng/mL                                                                                                                                                      

  VMA, HVA, DOPAC\                                         Urine/\                     LLE diethyl ether\                        MEKC UV/VIS\                                 10 mM sodium tetraborate decahydrate. 30 mM SDS. 15% (*v*/*v*) MeOH.25 mM α-CD. adjusted to pH 9.36 with 1 N NaOH   DAD\     LOD: 0.1--0.25 μg/mL\                              0.5--50 μg/mL for VMA and DOPAC, 0.5--100 μg/mL for HVA                             \>96.1         16/3,4-DHBA   \[[@B95-jcm-08-00640]\]
                                                           1 mL\                       1 mL                                                                                                                                                                                                       200 nm   LOQ: 0.5 μg/mL                                                                                                                                                      

  DA, E, NE,\                                              Urine/\                     DLLME                                     MEKC                                         10 mM sodium tetraborate decahydrate, 30 mM SDS, 15% (*v*/*v*) MeOH,25 mM α-CD, adjusted to pH 9.36 with 1 N NaOH   DAD\     LOD: 0.15μg/mL\                                    0.5--300 μg/mL                                                                      92.5--108.3    10--15/4-MT   \[[@B96-jcm-08-00640]\]
  L-Tryp, L-Tyr, 5-HT,\                                    1 mL                                                                                                                                                                                                                                   200 nm   LOQ: 0.5 μg/mL\                                                                                                                                                     
  L-DOPA                                                                                                                                                                                                                                                                                                   for all analytes                                                                                                                                                    

  DA, A, NA,\                                              Artificial urine/\          SPME C18\                                 MEKC                                         10 mM sodium tetraborate decahydrate. 30 mM SDS. 15% (*v*/*v*) MeOH.25 mM α-CD. adjusted to pH 9.36 with 1 N NaOH   DAD\     \-\                                                \-                                                                                  \-             8--10/n.d.    \[[@B97-jcm-08-00640]\]
  L-Tryp, L-Tyr                                            1 mL                        with ionic liquid                                                                                                                                                                                          200 nm   -                                                                                                                                                                   

  L-Tyr, 5-HT, 3-MT, L-Tryp, 5-HIAA, VMA, NM, DA, L-DOPA   Urine/\                     Deproteinization and\                     FASS CE -stacking                            500 mM Tris--borate (TB) and 10% (*v*/*v*) glycerol\                                                                UV\      LOD: 17.3-313.4 nM\                                1--10 μM for L-Tyr, 5-HT, 3_MT; 10--75 μM for L-Tryp, 5-HIAA, VMA                   93--109        35/n.d.       \[[@B98-jcm-08-00640]\]
                                                           0.5 mL                      centrifugation                                                                         pH 9; The ends of the\                                                                                              220 nm   LOQ: 1 µM for L-Tyr, 5-HT, 3-MT\                                                                                                                                    
                                                                                                                                                                              capillary were immersed in the cathodic and anodic vials that both contain 500 mM TB (pH 9.0) and 0--1% PEO                  10 µM for L-Tryp\                                                                                                                                                   
                                                                                                                                                                                                                                                                                                           5-HIAA, VMA                                                                                                                                                         

  5-HT, DA, NE                                             Urine/n.d.                  SPE alumina B column                      FASS-RFS-MCE                                 10 mM borate solution (pH 9.4)                                                                                      LIF      LOD: 1.69-- 2.73 nM\                               2--99 nM for 5-HT; 4--120 nM for DA; 4--110 nM for NE                               101.8--\       3/n.d.        \[[@B99-jcm-08-00640]\]
                                                                                                                                                                                                                                                                                                           LOQ: 2.0--4.05 nM                                                                                                                      106.4                        

  E, NE, DA                                                Urine/\                     Centrifugation                            laboratory-built CE--CL                      1.0 mM luminol in 10 mM sodium borate (pH 9.3)                                                                      CL       LOD: 79 nM for E, 100 nM for NE, 69 nM for DA\     0.079--3 μM\                                                                        96--110\       8/n.d.        \[[@B100-jcm-08-00640]\]
                                                           5 mL                                                                                                                                                                                                                                            LOQ: -                                             for E; 0.1--5 μM for NE; 0.1--5 μM for DA                                           94.7--103.5\                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                  92.4--99.4                   

  L-Tyr, L-Tryp, NE, DA, 5-HT                              breast cancer cells /n.d.   Centrifugation and filtration             CE-LEDIF                                     0.5 M Tris --borate (pH 10.2) and 30 mM SDS                                                                         LIF      LOD: 2.06--19.17 nM\                               15--1000 nM                                                                         \-             16/n.d.       \[[@B101-jcm-08-00640]\]
                                                                                                                                                                                                                                                                                                           LOQ: 15 nM                                                                                                                                                          

  L-Tryp,\                                                 Urine/n.d.                  SPE-alumina B column                      CE-dynamic pH junction                       150 mM boric acid. 1 mM ascorbic acid. pH 10.33;\                                                                   AmpD     LOD: 6.15--68.3 nM\                                0.15--148 μM                                                                        83.6--138.3    20/n.d.       \[[@B102-jcm-08-00640]\]
  5-HT, L-Tyr, DA, E, NE                                                                                                                                                      sample matrix: 150 mM acetic acid--sodium acetate. pH 3.60.                                                                  LOQ: 0.04--0.23 μM                                                                                                                                                  

  DA, E, 5-HT                                              CSF/\                       Deproteinization and centrifugation       PDMS\                                        20 mM PBS                                                                                                           AmpD     LOD: 2--6 μM\                                      10--600 μM for DA; 10--500 μM for E; 10--600 μM for 5-HT                            91.7--106.5    1.5/n.d.      \[[@B103-jcm-08-00640]\]
                                                           n.d.                                                                  -MCE                                                                                                                                                                      LOQ: 10 μM                                                                                                                                                          

  DA                                                       Urine/\                     SPE Oasis HLB                             CE                                           0.2 mM PBS (pH 11.5) containing 0.1 mM luminol                                                                      CL       LOD: 6 ng/mL\                                      0.01--50 µg/mL                                                                      71.2--83.0     12/n.d.       \[[@B104-jcm-08-00640]\]
                                                           3 mL                                                                                                                                                                                                                                            LOQ: 10 ng/mL                                                                                                                                                       

  VMA, HVA, L-Tryp, NM, E, 5-HT                            Urine/\                     Filtration and dilution in BGE            CZE stacking                                 50 mM H~3~PO~4~-Tris. pH 4                                                                                          ED       LOD: 0.4--17 μM\                                   1.25--50 μM for VMA, HVA and L-Tryp; 5--200 μM for NM and E; 2.5--100 μM for 5-HT   \-             13/n.d.       \[[@B105-jcm-08-00640]\]
                                                           n.d.                                                                                                                                                                                                                                            LOQ: 1.25--5 μM                                                                                                                                                     
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ACN---acetonitrile, AmpD---amperometric detection, BGE---back ground electrolyte, CD---cyclodexrin, CL---chemiluminescence, CE---capillary electrophoresis, CE-LEDIF---light-emitting diode-induced fluorescence; CSF---cerebrospinal fluid, CZE---capillary zone electrophoresis, DA---dopamine, DAD---diode array detection, 3,4-DHBA---3,4-dihydoxybenzoic acid, E---epinephrine, ED---electrochemical detection, FASI---field-amplified sample injection, FASS---field amplified sample stacking, FASS-RFS-MCE---field-amplified stacking (FASS) and reversed-field stacking (RFS) microchip electrophoresis (MCE); HC FASS--CZE---head-column field amplified sample stacking capillary zone electrophoresis, 5-HIAA---5-hydroxyindole-3-acetic acid, 5-HT---serotonin, IS---internal standard, L-DOPA---levodopa, MEKC---micellar electrokinetic capillary chromatography, 3-MT---3-methoxytyramine, 4-MT---4-methoxytyramine NE---norepinephrine, NM---normetanephrine, PBS---phosphate buffer saline, PDMS---Native Poly(dimethyl-siloxane), PPA---phenylpropanolamine, SDS---sodium dodecyl sulphate, T---tryptamine, TA---tyramine, L-Tryp---L-tryptophan, L-Tyr---L-tyrosine, UV---ultra-violet detection, VMA---vanillylmandelic acid.
